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INTRODUCTION: 

Sulfur  mustard  (bis-(2-chloroethyl)  sulfide;  SM)  induces  vesication  in  human  skin  by  its  ability  to  cause 
death  and  detachment  of  the  basal  cells  of  the  epidermis  from  the  basal  lamina.  In  an  effort  to  help  develop 
medical  countermeasures  for  potential  exposure  of  military  personnel  and  civilians,  we  have  been  attempting  to 
define  the  molecular  series  of  events  leading  to  SM  toxicity  in  cell  culture,  in  transgenic  animal  models,  and  in 
grafted  human  epidermis.  Whereas  human  dermal  fibroblasts  may  contribute  to  the  vesication  response  by 
releasing  degradative  cytosolic  components  extracellularly  after  a  poly(ADP-ribose)  polymerase  (PARP)- 
dependent  SM-induced  necrosis,  keratinocytes  display  markers  of  an  apoptotic  death,  as  well  as  those  of 
terminal  differentiation.  SM-induced  apoptosis  in  keratinocytes  appears  to  be  controlled  by  both  mitochondrial 
and  death  receptor  pathways.  The  mitochondrial  pathway  is  ultimately  dependent  on  Ca2  and  calmodulin 
(CaM).  Keratinocytes  respond  to  Ca2+  -signaling  pathways  in  a  fashion  that  makes  them  unique  from  other 
cells,  which  may  explain  the  exquisite  sensitivity  of  the  skin  to  SM  vesication.  I  have  been  particularly  active 
in  the  study  of  two  closely  related  roles  of  Ca2+  in  keratinocytes:  terminal  differentiation  and  apoptosis.  In 
collaboration  with  Dr.  William  Smith  and  Radharaman  Ray  at  USAMRICD,  I  found  that  SM  induced  both  the 
terminal  differentiation  response  as  well  as  the  apoptotic  response  in  keratinocytes.  Furthermore,  upon 
following  up  on  previous  studies  by  these  two  investigators  in  which  they  showed  changes  in  Ca  +  fluxes  in 
keratinocytes  following  exposure  to  SM,  I  found,  using  both  chemical  inhibitors  and  antisense  oligonucleotides, 
that  Ca2+  and  calmodulin  are  important  to  both  of  these  responses  to  SM,  and  that  these  two  processes  may  in 
part  play  a  role  in  the  vesication  response  of  skin  to  SM.  In  addition,  we  have  found  that  the  Fas/TNF  receptor 
family  also  plays  an  important  role  in  SM-induced  apoptosis. 

The  targets  of  these  apoptotic  pathways  are  a  family  of  aspartate-specific  cysteine  proteases  or  caspases. 
Caspase-3  appears  to  be  a  converging  point  for  different  apoptotic  pathways.  During  apoptosis,  caspase-3  is 
proteolytically  activated,  and  in  turn  cleaves  key  proteins  involved  in  the  structure  and  integrity  of  the  cell, 
including  PARP  (11-14).  In  the  present  contract,  we  demonstrate  that  SM  induces  both  Fas  and  its  ligand 
(FasL)  in  primary  human  epidermal  keratinocytes.  We  also  observed  the  activation  of  markers  of  apoptosis  that 
are  consistent  with  a  Fas-FasL-receptor  interaction,  including  cleavage  of  caspase-8,  caspase-3,  and  PARP. 
Utilizing  a  combination  of  techniques  including  the  stable  expression  of  a  dominant-negative  inhibitor  of  Fas- 
associated  death  domain  protein  (FADD),  we  demonstrate  a  role  for  the  Fas/TNF  receptor  family  in  mediating 
the  response  of  human  keratinocytes  to  SM.  Stable  expression  of  FADD-DN  blocks  SM-induced  markers  of 
keratinocyte  apoptosis,  such  as  caspase-3  activity  and  proteolytic  processing  of  procaspases-3,  -7,  and  -8, 
intemucleosomal  DNA  cleavage,  and  caspase-6-mediated  nuclear  lamin  cleavage. 

Accordingly,  during  the  contract  period,  I  focused  primarily  on  the  roles  of  Ca2+,  calmodulin  and  Fas/TNF 
receptor  family  in  the  modulation  of  differentiation  and  apoptosis  in  epidermal  cells  leading  to  vesication.  The 
technology  that  I  have  successfully  employed  was  designed  to  answer  an  essential  question-  How  do  Ca2+, 
calmodulin  and  the  Fas/TNF  receptor  family  regulate  the  apoptotic  and  differentiation  responses  in 
keratinocytes,  and  can  these  pathways  be  modulated  to  alter  SM  vesication  in  animal  models  (and  ultimately,  in 
humans)? 

BODY 

Original  Hypothesis 

The  2  major  hypotheses  that  were  tested  in  these  studies  were  that:  1)  Ca2+,  Calmodulin,  and  the  Fas/TNF 
receptor  family  play  essential  roles  in  SM-induced  differentiation  and  apoptosis;  and  2)  Targeting  these 
pathways  alter  the  cytotoxic  response  of  keratinocytes  to  SM  in  cell  culture,  and  the  vesication  response  in  vivo. 
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Statement  of  Work-  and  relevant  pages  of  Final  Report  which  address  specific  tasks 
C.2.1  Task  1:  The  sequence  of  events  during  SM-induced  apoptosis  will  be  characterized,  as  monitored 
by  various  biochemical  and  morphological  markers,  such  as  proteolytic  activation  of 
caspases,  nuclear  fragmentation,  and  cell  surface  changes. 

C.2. 1 . 1  Task  1.1 :  Primary  and  immortalized  human  keratinocytes  will  be  cultured,  and  exposured  to  SM. 
C.2.1.2  Task  1.2:  Proteolytic  activation  of  caspase-2,  -3,  -6,  -7,  -8,  -9,  and  -10  will  be  measured. 

C.2.1. 3  Task  1.3:  Hoechst  Staining  for  apoptotic  morphology  will  be  performed. 

C.2.1. 4  Task  1.4:  DNA  extraction  for  detection  of  apoptotic  intemucleosomal  DNA  fragmentation  will  be 
performed. 

C.2. 1.5  Task  1.5:  Annexin  V-binding  and  fluorescence-activated  cell  sorting  analysis  will  be  performed. 
C.2.1. 6  Task  1.6:  Lactate  dehydrogenase  assays  will  be  performed. 

C.2.1  Task  1  is  addressed  in  previous  annual  reports  (2001  and  2002),  as  well  as  throughout  the  current 
final  report. 

C.2.2  Task  2:  Time-course  and  dose-response  experiments  will  be  performed  to  look  for  alterations  in 
differentiation  proteins,  including  keratin  and  attachment  proteins,  as  marker  for  SM- 
induced  skin  damage 

C.2.2. 1  Task  2.1:  Immunoblot,  immunofluorescent,  and  RT-PCR  analysis  of  changes  in  the  expression  of 
keratin  (Kl,  K10,  K14)  and  involucrin  in  keratinocytes  exposed  to  SM  will  be  performed. 

C. 2.2.2  Task  2.2:  Immunoblot  and  pulse  labeling/immunoprecipitation  analysis  of  newly  discovered  caspase- 
mediated  cleavage  of  epidermal  keratins  during  SM-induced  differentiation  and  apoptosis 
will  be  performed. 

C.2.2. 3  Task  2.3:  Alterations  in  the  levels  of  attachment  protein  (fibronectin)  and  its  mRNA  during  SM- 
induced  differentiation  in  keratinocytes  will  be  examined. 

C.2.2  Task  2  is  addressed  in  previous  annual  reports  (2001  and  2002)  as  well  as  in  pages  9-12  of  the 
current  final  report 

C.2.3  Task  3:  Time-  and  dose-specific  onset  of  changes  in  specific  pro-  apoptotic  (calmodulin,  p53,  and 
Fas/TNF-related)  and  anti-  apoptotic  proteins  (Bcl-2  family)  during  SM-induced  apoptosis 
will  be  further  characterized,  to  determine  their  importance  as  potential  modulators  of  SM 
toxicity 

C.2.3. 1  Task  3.1:  Levels  of  calmodulin  protein  and  mRNA  during  SM-induced  apoptosis  will  be  measured, 
as  monitored  by  immunoblot  analysis  and  RT-PCR. 

C.2.3. 2  Task  3.2:  Changes  in  endogenous  levels  and  interactions  of  apoptosis-mediating  receptors  Fas  and 
Fas-ligand  (Fas-L)  will  be  examined,  as  will  “death  domain”  signaling  intermediates 
(FADD)  during  SM-induced  apoptosis. 

C.2.3. 3  Task  3.3:  Changes  pro-  and  anti -apoptotic  Bcl-2  family  members  will  be  examined  to  determine  their 
role  in  Ca2+  /calmodulin  mediated  pathways. 

C.2.3  Task  3  is  addressed  in  previous  annual  reports  (2001  and  2002)  as  well  as  in  pages  10  and  13  of  the 
current  final  report 
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C.3  Specific  Aim  2:  Calmodulin  and  the  Fas/TNF  receptor  pathway  will  be  modulated  in  SM-exposed  cultured 
epidermal  keratinocytes  by  chemical  inhibitors,  antisense  technology,  neutralizing  antibodies,  and  dominant¬ 
negative  strategies 

C.3.1  Taskl:  The  effects  of  modulation  of  calmodulin  levels  will  be  determined  by  using  chemical 
inhibitors  or  antisense  oligonucleotides  on  progression  of  SM-induced  apoptosis  and 
differentiation. 

C.3. 1.1  Task  1.1:  The  effects  of  chemical  inhibitors  of  Ca2+  and  calmodulin  (W-7,  TFP,  TR)  on  the  SM 
response  in  keratinocytes  will  be  determined. 

C.3. 1.2  Task  1.2:  It  will  be  determined  whether  antisense  oligonucleotide  constructs  to  calmodulin  can  alter 
the  response  of  cultured  epidermal  keratinocytes  to  SM  with  respect  to  differentiation  and 
apoptosis. 

C.3. 1.3  Task  1.3:  The  role  of  calmodulin  in  regulating  other  proteins  that  control  terminal  differentiation  and 
apoptosis  will  be  examined. 

C3.1  Task  1  is  addressed  in  previous  annual  reports  (2001  and  2002)  as  well  as  in  pages  11  -  13  of  the 
current  final  report 

C.3.2  Task  2:  The  effects  of  modifiers  of  Ca2+  metabolism  on  SM-induced  expression  of  differentiation 
and  apoptotic  markers  will  be  determined.  Alteration  of  the  response  of  cultured  epidermal 
keratinocytes  to  SM  by  Ca2+-chelators  such  as  (BAPTA,  Fura-2)  will  be  determined. 

C.3.2  Task  2  is  addressed  in  previous  annual  reports  (2001  and  2002). 

C.3.3  Task  3:  The  effects  of  modulating  the  Fas-associated  “death  domain”  protein  (FADD)  necessary  for 
the  transduction  of  the  apoptotic  signal  will  be  determined  by  utilizing  a  dominant-negative 
approach  (FADD-DN)  and  by  neutralizing  antibodies  directed  against  Fas/TNF  ligands  and 
receptors. 

C.3.3  Task  3  is  addressed  in  previous  annual  reports  (2001  and  2002)  as  well  as  in  pages  19  -  22  of  the 
current  final  report. 

C.4  Specific  Aim  3:  Pro-apoptotic  proteins  will  be  modulated  in  SM-exposed  grafted  and  transgenic  animals  to 
correlate  the  relationship  between  differentiation,  apoptosis,  and  vesication,  in  order  to  establish  potential 
therapeutic  strategies. 

C.4.1  Taskl:  Levels  of  calmodulin  in  skin  grafts  will  reduced. 

C.4. 1 . 1  Task  1.1 :  Plasmids  and  retroviral  vectors  capable  of  introducing  CaM  antisense  RNA  into  primary  and 
immortalized  keratinocytes  for  grafting  will  be  developed. 

C. 4.1.2  Task  1.2:  The  engineered  primary  and  immortalized  keratinocytes  will  be  grafted  and  tested  for 
antisense  and  sense  calmodulin  expression. 

C.4.1  Task  1  is  addressed  in  previous  annual  reports  (2001  and  2002)  as  well  as  in  page  11  of  the  current 
final  report. 

C.4.2  Task  2:  The  Fas-FADD  pathway  response  in  SM  exposed  keratinocytes  will  be  modulated  in 
reconstituted  skin  grafted  onto  nude  mice. 

C.4.2  Task  2  is  addressed  in  pages  23  -  24  of  the  current  final  report. 
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C.4.3 

Task  3: 

C.4.3. 1 

Task  3.1: 

C.4.3 .2 

Task  3.2: 

C.4.3. 3 

Task  3.3: 

C. 4.3.4 

Task  3.4: 

C.4.3. 5 

Task  3.5: 

Testing  of  calmodulin  and  FADD  constructs  in  the  graft  system  will  be  performed  to 
determine  if  the  response  is  altered  following  SM  treatment;  these  will  be  in  vivo  markers 
for  differentiation,  apoptosis  and  vesication. 

Differentiation  markers  will  be  detected. 

The  earliest  stages  of  apoptosis  will  be  detected. 

The  mid-stages  of  apoptosis  will  be  detected;  active  caspases  and  their  substrate  cleavage 
products  will  be  relevant  here. 

The  late  stage  of  apoptosis  will  be  detected:  DNA  fragmentation  will  be  relevant  here. 
Vesication  will  be  detected. 


C.4.3  Task  3  is  addressed  in  pages  23  -  24  of  the  current  final  report. 

C.4.4  Task  4:  Transgenic  animals  with  Kl-antisense  calmodulin,  or  Kl-FADD-DN  will  be  established. 
C.4.4. 1  Task  4.1 :  A  skin-specific  vector  will  be  constructed. 

C. 4.4.2  Task  4.2:  The  vector  will  be  injected  into  oocytes,  and  transgenic  mice  created. 

C.4.4  Task  3  is  addressed  in  pages  23  -  24  of  the  current  final  report. 

Additionally,  numerous  specific  aspects  of  these  tasks  are  presented  throughout  the  current  final  report. 
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Research  Accomplishments 

1 .  CAM  AND  PARP  ARE  TARGETS  FOR  MODULATING  SM-INDUCED  APOPTOSIS . 

Rosenthal,  D.  S.,  Simbulan-Rosenthal,  C.  M.,  Iyer,  S.,  Smith,  W.,  Ray,  R.,  and  Smulson,  M.  E.  Calmodulin, 
poly(ADP-ribose)  polymerase,  and  p53  are  targets  for  modulating  the  effects  of  sulfur  mustard.  J.  Applied  Toxicol., 
20(S1):  S43-S49  (2000). 

Rosenthal,  D.  S.,  Ray,  R,  Velena,  A.,  Benton,  B.,  Anderson,  D.,  Smith,  W.,  and  Simbulan-Rosenthal,  C.  M. 
Expression  of  antisense  calmodulin- 1  RNA  in  human  keratinocytes  reduces  sulfur  mustard  toxicity  by  inhibiting 
mitochondrial  pathways  of  apoptosis.  In  preparation  (2003). 

The  exquisite  sensitivity  of  the  skin  to  SM  vesication  is  presumably  due  in  part  to  the  ability  of  human 
keratinocytes  to  respond  to  Ca2+ -signaling  pathways  in  a  way  that  makes  them  unique  from  other  cells.  SM 
induces  the  death  and  detachment  of  the  basal  cells  of  the  epidermis  from  the  basal  lamina,  a  process  that 
involves  changes  in  intracellular  Ca2+  and  calmodulin  (CaM)  (Gross  et  al.,  1988;  Meier  et  al.,  1984; 
Papirmeister  et  al.,  1991;  Petrou  et  al.,  1990;  Rosenthal  et  al.,  1998;  Smith  et  al.,  1990;  Smith  et  al.,  1991; 
Smulson,  1990).  Utilizing  specific  inhibitors  of  CaM,  published  studies,  including  my  own,  have 
demonstrated  the  importance  of  Ca2+  -CaM  complexes  in  apoptotic  cell  death  (Pan  et  al.,  1996;  Rosenthal 
et  al.,  1998;  Rosenthal  et  al.,  2000;  Sasaki  et  al.,  1996).  My  interest  in  the  potential  role  of  SM  in  induction 
of  keratinocyte  apoptosis  began  with  the  observations  of  two  groups  of  investigators  headed  by  Dr.  William 
Smith  and  Dr.  Radharaman  Ray  (presently  collaborators)  at  USAMRICD  who  found  that  changes  in  Ca  2+ 
homeostasis  could  be  observed  in  keratinocytes  exposed  to  SM  (Mol  and  Smith,  1996;  Ray  et  al.,  1995;  Ray 
etal.,  1993). 

CaM  plays  a  role  in  regulating  the  levels  of  Bcl-2  family  members  and  thus  the  mitochondrial  pathway 
of  apoptosis.  Several  members  of  this  family  have  been  shown  to  interact  directly  with  the  CaM-regulated 
phosphatase  calcineurin,  which  can  dephosphorylate  (Wang  et  al.,  1999)  and  regulate  the  intracellular 
localization  (Shibasaki  et  al.,  1997)  and  stability  (Haidar  et  al.,  1995)  of  members  of  the  Bcl-2  family.  Bcl- 
2  transcription  is  also  regulated  via  a  CaM-dependent  pathway  (Gomez  et  al.,  1998).  SM  in  turn  has  been 
shown  to  alter  calcium  and  CaM  homeostasis  in  keratinocytes  (Mol  and  Smith,  1996;  Ray  et  al.,  1995;  Ray 
et  al.,  1993),  and  calcium-buffering  experiments  have  supported  the  role  of  calcium  in  the  etiology  of  SM- 
induced  cytotoxicity  (Ray  et  al.,  1996).  Numerous  studies  now  also  indicate  that  the  targets  for  various 
signaling  pathways  that  lead  to  apoptosis  are  a  family  of  cysteine  proteases,  known  as  caspases  (named  for 
their  preference  for  aspartate  at  their  substrate  cleavage  site  (Alnemri  et  al.,  1996).  Caspase-3  appears  to 
be  a  converging  point  for  different  apoptotic  pathways  (Nicholson  et  al.,  1995).  In  a  number  of  apoptotic 
systems,  caspase-3  cleaves  key  proteins  involved  in  the  structure  and  integrity  of  the  cell,  including  PARP. 

We  thus  performed  a  series  of  experiments  showing  that  SM  induces  Ca2+-CaM-dependent 
differentiation  and  apoptosis  in  keratinocytes,  and  that  both  differentiation  and  apoptosis  could  account  for 
the  basal  cell  toxicity  observed  in  vivo  in  response  to  SM.  Utilizing  a  genetic/molecular  biology  approach, 
we  demonstrated  that  these  processes  are  dependent  on  CaM  as  well  as  p53  and  PARP,  and  involve  the 
activation  of  a  number  of  caspases,  including  caspase-3.  These  responses  may,  in  part,  explain  the  death 
and  detachment  of  basal  cells  of  the  epidermis  that  occurs  following  exposure  to  SM. 

Results:  During  the  contract  period,  we  made  the  following  new  progress  on  CaM-  and  PARP- 
dependent  keratinocyte  differentiation  and  apoptosis  in  response  to  SM: 

SM-Induced  Keratinocyte  Differentiation.  In  order  to  study  the  differentiation  response  to  SM,  we 
originally  focused  on  the  suprabasal-specific  keratins,  K1  and  K10,  which  are  tightly  regulated  at  the  level 
of  transcription  in  keratinocytes  both  in  vitro  and  in  vivo.  Time  course  experiments,  followed  by 
immunoblot  analysis  with  antibodies  for  the  suprabasal  keratins  K1  and  K10,  the  major  keratinocyte 
differentiation-specific  proteins,  previously  revealed  that  both  K1  and  K10  are  strongly  induced  in  the 
presence  of  100  pM  SM,  between  8  and  24  h  following  treatment  (Rosenthal  et  al.,  1998;  Rosenthal  et  al., 
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2000).  Examination  of  the  expression  of  other  markers  of  differentiation  such  as  involucrin,  a  precursor 
protein  that  becomes  crosslinked  in  the  fully  differentiated  comified  envelope  (Robinson  et  al.,  1996; 
Steinert  and  Marekov,  1997;  Yaffe  et  al.,  1993)  showed  that,  following  exposure  to  either  10  pM  or  100  pM 
SM,  the  level  of  involucrin  increases;  more  importantly,  the  staining  pattern  shifts  to  heterogeneous  higher 
molecular  weight  forms  by  24  h,  suggesting  that  the  protein  is  cross-linked  in  response  to  SM.  In  contrast,  a 
time  and  dose-dependent  decrease  in  the  levels  of  220  kDa  and  94  kDa  isoforms  of  fibronectin  was 
observed  in  response  to  SM  exposure.  Expressed  in  basal  cells  and  suppressed  in  suprabasal  cells  in  vivo  in 
response  to  differentiating  agents  in  vitro ,  fibronectin  is  a  major  component  of  the  basal  lamina,  and  forms 
an  attachment  site  for  the  a5  pi  integrin  of  the  basal  cells.  Thus,  suppression  of  this  protein  by  SM  could  in 
part  explain  detachment  of  basal  cells  from  the  basal  lamina  during  vesication  in  vivo. 

We  next  examined  alterations  in  the  expression  of  differentiation-specific  markers  following  exposure  to 
SM.  NHEK  were  exposed  to  SM,  RNA  was  isolated,  and  RT-PCR  was  performed  using  primers  specific 
for  either  keratin  1,  keratin  10,  keratin  14,  or  involucrin.  Fig.  1  shows  that  all  markers  are  induced  at  the 
RNA  level,  with  the  exception  of  involucrin.  Interestingly,  in  contrast  to  normal  keratinocyte  differentiation, 
K10  is  induced  prior  to  Kl,  indicating  that  this  represents  an  aberrant  or  uncoordinated  form  of 
differentiation. 
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Fig.  1  SM-induced  changes  in  expression  of  markers  of  differentiation  at  the  RNA  level.  RT-PCR  analysis  was 
performed  with  specific  primers  for  KH1,  HK10,  HK14,  and  involucrin  genes  using  RNA  from  NHEK  at 
different  times  following  SM  exposure. 


Role  of  CaM  1  in  SM-induced  differentiation 

Ca^+  signaling  in  keratinocytes  has  been  implicated  in  the  activation  of  PKC,  which  may  be  a  major 
signal  for  differentiation,  and  Ca2+-CaM  complexes  are  also  generated  which  modulate  this  PKC  response. 
Consistently,  we  have  demonstrated  that  induction  of  keratinocyte  differentiation  -specific  markers  by  SM 

is  Ca^+  -dependent,  since  expression  is  blocked  by  the  Ca2+-chelator  BAPTA  (Rosenthal  et  al.,  1998; 
Rosenthal  et  al.,  2000).  Pre-treatment  of  human  keratinocytes  with  a  CaM  inhibitor  (W-7)  also  suppresses 
the  expression  of  differentiation-specific  marker  keratin  Kl  in  the  presence  of  SM  (Rosenthal  et  al.,  2000), 
suggesting  that  SM-induced  changes  in  differentiation  in  keratinocytes  is  mediated  by  CaM.  In  addition,  we 
observed  a  rapid  modulation  in  the  levels  of  CaM  protein  following  SM  treatment.  RT-PCR  analysis  of  the 
expression  of  the  three  CaM  genes  in  control  NHEK  24  h  following  SM  exposure  revealed  that  in 
keratinocytes,  the  predominant  form  is  CaM  1  (Fig.  2).  Furthermore,  a  time  course  following  exposure  to 
SM  also  showed  that  the  levels  of  CaM  protein  increased  and  subsequently  decreased.  This,  along  with  our 
previous  results,  indicated  that  CaM  may  play  a  role  in  the  response  of  NHEK  to  SM. 

Fig.  2.  CaMl,  the  predominant  CaM  in 
keratinocytes,  is  suppressed  by  SM.  RT-PCR 
analysis  was  performed  with  specific  primers 
for  three  CaM  genes  using  RNA  from  NHEK 
before  and  24  h  following  SM  exposure. 
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Utilizing  an  antisense  RNA  approach,  we  constructed  a  retroviral  vector  expressing  CaM  1  RNA  in  the 
antisense  orientation.  CaM  I  cDNA  was  first  derived  utilizing  RT-PCR  of  mRNA  derived  from  NHEK  and 
specific  primers;  this  900  bp  CaM  I  fragment  was  ligated  into  the  PCR3.1  vector  (Invitrogen).  The 
pCR3.  ICaMI  clone  was  then  digested  to  remove  the  CaM  I  insert,  which  was  ligated  in  the  antisense  orientation 
into  the  retroviral  vector,  LXSN  (Fig.  3;  Clontech).  Following  transient  transfection  of  a  retrovirus  packaging 
cell  line  (Phoenix  packaging  line;  Dr.  Gary  Nolan;  Stanford),  we  derived  high-titer  viral  supernatants  (>106/ml) 
from  LXSN  CaM  I  antisense  constructs,  which  we  used  to  infect  NHEK.  Packaging  and  infection  was  followed 
by  selection  in  G418  to  ensure  that  100%  of  the  cells  are  expressing  CaM  antisense  RNA.  Immunoblot  analysis 
of  the  endogenous  levels  of  CaM  protein  confirmed  that  NHEK  expressing  CaM  antisense  RNA  had  lower 
levels  of  CaM  protein  (Fig.  4).  These  cells  were  then  exposed  to  0,  100,  200,  or  300  pM  SM  and  immunoblot 
analysis  with  the  differentiation  marker  involucrin  was  performed.  Fig.  5  shows  that  in  the  presence  of  100  pM 
SM,  a  smear  can  clearly  be  detected  which  is  the  result  of  involucrin  being  crosslinked  in  the  mature  comified 
envelope.  However,  in  cells  depleted  of  CaM  1  by  antisense  RNA  expression,  this  smear  is  not  observed, 
indicating  that  SM-induced  differentiation  and  involucrin  cross-linking  is  CaM  dependent.  The  crosslinking  of 
involucrin  indicates  that  the  terminal  differentiation  occurs  rapidly  in  cultured  basal  keratinocytes,  and  probably 
in  vivo  as  well.  The  depletion  of  CaM  slows  this  process,  and  thus  CaM  inhibitors  may  be  useful  in  the 
prevention  of  vesication. 
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Fig.  3.  Restriction  Map  of  CaMl 
cloned  into  LSXN  retroviral  vector 
in  antisense  orientation.  A  900 
base  pair  cDNA  was  derived  from 
keratinocyte  mRNA  and  cloned 
into  the  Bam  HI-  Hpa  I  site  as 
shown. 


Fig.  4.  CaM  1  antisense  vector 
reduces  endogenous  levels  of  CaM. 
The  retroviral  vector  shown  in  Fig. 
3  was  transfected  into  an 
amphitrophic  packaging  line  and 
high-titer  recombinant  retrovirus 
utilized  to  express  CaM  1  AS  in 
NHEK.  NHEK  were  then  exposed 
to  SM  and  total  extracts  subjected 
to  immunoblot  analysis  utilizing 
anti-CaM  antibodv. 
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Fig.  5.  Dose  response  of  differentiation  protein 
involucrin  during  SM-induced  apoptosis  in  control 
and  CaM-depleted  cells.  Control  and  CaM-depleted 
cells  were  incubated  for  24  h  with  the  indicated 
concentrations  of  SM  (left  panel),  after  which  cell 
extracts  were  subjected  to  immunoblot  analysis 
with  antibodies  to  involucrin  staining. 


Characterization  of  the  sequence  of  events  during  SM-induced  apoptosis 

The  central  signaling  proteins  for  many  of  the  pathways  that  coordinate  apoptosis  are  members  of  a 
family  of  cysteine  proteases  known  as  “caspases”  (named  for  their  preference  for  aspartate  at  their  substrate 
cleavage  site  (Alnemri  et  al.,  1996),  which  cleave  key  proteins  involved  in  the  structure  and  integrity  of  the  cell. 
Previously,  we  focused  on  caspase-3  in  the  SM-induced  apoptotic  response.  In  order  to  further  understand  the 
apoptotic  response,  we  have  devoted  much  of  our  effort  to  assay  for  the  activation  of  other  key  caspases,  in 
particular  the  “upstream"  caspases  8,  9,  and  10,  and  the  “executioner”  caspases  3,  6,  and  7.  The  sequence  of 
their  activation  may  give  insight  into  the  mechanism  of  apoptosis.  For  example,  caspase-8  is  first  activated 
following  engagement  of  death  receptors,  while  caspase-9  is  activated  via  a  mitochondrial  pathway. 
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Fig.  6  Time  course  for  proteolytic  cleavage  of  caspases  and  caspase  substrates  .  NHEK  were  incubated  for  different 
times  with  the  300  mM  SM  or  for  24  h  with  indicated  concentrations  of  SM.  Cell  extracts  were  subjected  to 
immunoblt  analysis  with  antibodies  to  caspases-  3,  8.  7,  9,  and  10  and  caspase  substrates  PARP,  DFF45,  Lamin,  and 
HK1. 
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Results:  We  determined  the  molecular  ordering  of  caspase  activation  in  response  to  SM.  NHEK  were 
exposed  to  300  pM  SM  for  various  times,  and  cell  extracts  were  subjected  to  immunoblot  analysis  utilizing 
antibodies  specific  to  caspases-3,  7,  -8,  -9,  or  -10.  The  upstream  caspases  -8  and  -9  are  both  activated  in  a  time- 
dependent  fashion,  although  caspase-8  appears  to  be  cleaved  prior  to  caspase-9  (0.5  h  vs.  2  h),  and  little 
cleavage  of  caspase- 10  is  observed  (Fig.  6,  left  panel).  Activation  of  caspase-8  is  consistent  with  a  Fas- 
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mediated  pathway  of  apoptosis,  while  activation  of  caspase-9  is  consistent  with  a  mitochondrial  pathway  of 
apoptosis.  These  results  are  consistent  with  the  activation  of  both  death  receptor  and  mitochondrial  pathways 
by  SM.  Caspase-3  and  -7  are  both  proteolytically  activated  after  exposure  to  SM,  with  caspase-3  activation 
detectable  at  1  h  after  SM  exposure,  and  caspase-7  cleavage  detected  2  h  after  exposure.  To  detect  caspase-6 
activity,  we  utilized  antisera  specific  for  lamin  Bl,  which  is  specifically  cleaved  in  vivo  by  active  caspase-6  at 
the  peptide  sequence  VEIDA.  Surprisingly,  this  substrate  was  one  of  the  first  to  be  cleaved  (within  30  min), 
when  compared  to  poly  (ADP-ribose)  polymerase  (PARP;  6  h),  or  the  apoptotic  DNA  fragmentation  factor 
(DFF  45;  16  h)  (Fig.6,  right  panel).  PARP  has  been  shown  to  be  a  substrate  of  caspase-3  and  -7,  while  DFF  45 
is  primarily  cleaved  by  caspase-3.  These  data  suggest  that  caspase-6  may  be  the  first  of  the  executioner  caspases 
to  be  activated  following  exposure  of  NHEK  to  SM,  followed  by  caspase-3  and  -7. 


Role  of  CaM  l/Bcl-2  in  progression  of  SM-induced  apoptosis 

Utilizing  the  antisense  approach  discussed  above,  NHEK  was  depleted  of  CaM  by  expressing  CaM 
antisense  RNA.  Following  packaging  and  infection,  CaM-depleted  NHEK  were  exposed  to  different  doses  of 
SM  and  the  expression  of  apoptotic  markers  was  analyzed  by  immunoblot  analysis. 

Results:  Fig.  7  shows  that  activation  of  caspases-3,  7,  and  8,  as  well  as  the  caspase-mediated  cleavage  of 
PARP  were  inhibited  by  the  expression  of  CaM  antisense.  These  results  indicate  that  SM-induced  apoptosis  is 
CaM  dependent,  and  involve  the  activation  of  a  number  of  caspases  implicated  in  both  death  receptor  and 
mitochondrial  pathways  of  apoptosis. 
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Fig.  7.  Dose  response  of  caspase 
activation  during  SM-induced  apoptosis 
in  control  and  CaM-depleted  cells. 
Control  and  CaM-depleted  cells  were 
incubated  for  24  h  with  the  indicated 
concentrations  of  SM  after  which  cell 
extracts  were  subjected  to  immunoblot 
analysis  with  antibodies  to  caspases-  3,  8. 
7  and  the  caspase  substrate  PARP. 


We  next  examined  possible  mechanisms  by  which  CaM  may  mediate  SM-induced  apoptotic  death.  Since 
CaM  has  been  implicated  in  regulation  of  the  levels  of  Bcl-2  family  members  and  thus  the  mitochondrial 
pathway  of  apoptosis,  we  focused  on  the  role  of  the  Bcl-2  family  of  proteins,  which  are  involved  in  the 
mitochondrial  pathway  of  apoptosis,  leading  to  the  activation  of  caspase-9.  Higher  levels  of  Bcl-2  and  Bcl-xL 
stabilize  the  mitochondria,  preventing  the  release  of  proapoptotic  constituents,  including  caspase-2,  caspase-9, 
apoptosis  inducing  factor  (AIF)  and  cytochrome  c,  presumably  due  to  the  pore  forming  ability  of  these  proteins, 
which  prevents  mitochondrial  permeability  transition.  On  the  other  hand,  high  levels  of  the  proapoptotic  family 
members  including  Bax,  Bak,  and  Bad  favors  depolarization  of  the  mitochondria,  leading  eventually  to  the 
activation  of  caspase-9.  Bad,  a  pro-apoptotic  member  of  the  Bcl-2  family,  has  been  implicated  as  a  key  player  in 
programmed  cell  death  (Datta  et  al.,  1997;  del  Peso  et  al.,  1997;  Hsu  et  al.,  1997;  Scheid  and  Duronio,  1998; 
Yang  et  al.,  1995;  Zha  et  al.,  1997;  Zundel  and  Giaccia,  1998).  Calcineurin  which  is  CaM-dependent, 
dephosphorylates  Bad  (Wang  et  ah,  1997);  and  this  dephosphorylated  form  of  Bad  can  interact  with  Bcl-2  or 
Bc1-Xl  and  induce  apoptosis  (Zha  et  ah,  1997). 
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Since  the  ratio  of  pro  and  antiapoptotic  members  of  the  Bcl-2  family  determine  the  stability  of  the 
mitochondria,  and  subsequent  release  of  cytochrome  c  and  caspase-9  activation,  we  performed  an  extensive 
series  of  time  course  and  dose  response  experiments  to  determine  the  relative  levels  of  the  Bcl-2  family 
members  following  SM  exposure  of  control  and  CaM-depleted  cells.  Finally,  we  specifically  examined  the  role 
of  phosphorylation  of  Bad  and  its  intracellular  localization  following  SM  exposure  and  determined  the  role  of 
CaM  in  this  process. 

NHEK  were  exposed  to  either  0  pM,  100  pM,  200  pM  or  300  pM  SM,  and  extracts  were  subjected  to 
immunoblot  analysis  with  antibodies  specific  for  Bcl2  family  members.  As  shown  in  Fig.  8  (left  panel),  while 
low  levels  of  Bcl-xL  were  observed  in  control  NHEK  at  all  levels  of  SM  tested,  CaM  depletion  by  antisense 
expression  upregulated  Bcl-xL  levels  following  exposure  to  vesicating  doses  of  SM  (200  pM  and  300  pM). 
Bcl-2  was  expressed  at  higher  levels  in  control  NHEK,  but  levels  were  markedly  reduced  in  the  presence  of  200 
pM  and  300  pM  SM.  Following  CaM  depletion  by  antisense  RNA  expression,  however,  Bcl-2  was  maintained 
at  high  levels  following  treatment  with  SM  at  all  doses.  Whereas  levels  of  Bax  increased  dose-dependently  in 
control  NHEK,  in  CaM-depleted  cells,  Bax  levels  were  reduced  at  higher  doses  of  SM. 

CaM  depletion  may  therefore  block  the  mitochondrial  pathways  of  SM-induced  apoptosis  via  upregulation 
of  the  anti-apoptotic  proteins  Bcl-2  and  Bcl-xL,  as  well  as  the  down  regulation  of  the  pro-apoptotic  protein  Bax. 
This  is  consistent  with  previous  studies  showing  that  CaM  is  involved  in  regulating  the  levels  of  Bcl-2  family 
members.  Bcl-2  transcription  has  been  shown  to  be  regulated  via  a  CaM-dependent  pathway  (Gomez  et  al., 
1998),  and  several  members  of  the  Bcl2  family  interact  directly  with  the  CaM-regulated  phosphatase 
calcineurin,  which  can  dephosphorylate  (Wang  et  ah,  1999)  and  regulate  the  intracellular  localization  (Shibasaki 
et  ah,  1997)  and  stability  (Haidar  et  ah,  1995)  of  Bcl-2  family  members.  Thus,  depletion  of  CaM  by  antisense 
RNA  results  in  the  stabilization  of  mitochondria  and  inhibits  the  activation  of  caspase-9.  This  finding  has  direct 
implications  for  the  utilization  of  pharmacologically  relevant  CaM  inhibitors  to  reduce  SM  toxicity. 
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Fig.  8.  Changes  in  levels  of  Bcl-2  family  (A)  and  phosphorylation  state  of  Bad(B)  during  SM-induced  apoptosis 
in  control  and  CaM-depleted  cells.  Control  and  CaM-depleted  cells  were  incubated  for  24  h  with  the  indicated 
concentrations  of  SM  after  which  cell  extracts  were  subjected  to  immunoblot  analysis  with  antibodies  to  Bcl-2, 
BCl-xL,  Bax,  and  Bad.  NHEK  were  pretreated  with  the  CaM  inhibitor  W13  and  its  inactive  analogue  W12,  and 
then  exposed  to  300  mM  SM,  and  subjected  to  immunoblot  analysis  with  antibodies  to  phospho-Bad.  The  blot 
was  then  strioDed  and  reorobed  with  ani-Bad. 


The  proapoptotic  protein  Bad,  a  key  player  in  apoptosis  (Datta  et  ah,  1997;  del  Peso  et  ah,  1997;  Hsu  et  ah, 
1997;  Scheid  and  Duronio,  1998;  Yang  et  ah,  1995;  Zha  et  ah,  1997;  Zundel  and  Giaccia,  1998)  is 
dephosphorylated  by  the  CaM-regulated  protein,  calcineurin,  (Wang  et  ah,  1997),  and  the  de-phosphorylated 
form  of  Bad  can  interact  with  Bcl-2  or  Bcl-XL  to  induce  apoptosis  (Zha  et  ah,  1997).  To  determine  if  CaM 
mediates  SM-induced  apoptosis  via  dephosphorylation  of  Bad  and  if  this  process  can  be  blocked  using  specific 
inhibitors  of  CaM,  we  utilized  the  CaM-specific  inhibitor  W-13,  along  with  its  structurally  similar  analogue,  W- 
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12,  which  does  not  bind  to  CaM,  as  a  control.  NHEK  exposed  to  SM  exhibited  a  decrease  in  the 
phosphorylation  level  of  Bad,  as  determined  by  specific  antibody  against  phospho-Bad  (Fig.  8,  top  right  panel). 
This  dephosphorylation  occurred  as  early  as  8  h  after  SM  exposure,  and  was  complete  by  24  h.  In  the  presence 
of  the  specific  CaM  inhibitor,  W-13,  this  dephosphorylation  was  inhibited.  On  the  other  hand,  the  total  levels  of 
Bad  were  fairly  constant  for  all  times  after  SM  exposure  and  all  inhibitor  treatments  (Fig.  8,  bottom  right  panel). 
Thus,  the  phosphorylation  status  of  Bad  appears  to  be  more  important  for  the  induction  of  apoptosis  than  the 
absolute  levels. 

Our  model  system  has  demonstrated  a  role  for  CaM  in  SM  toxicity.  In  addition,  we  have  also  shown  the 
validity  of  the  use  of  chemical  inhibitors  of  CaM  to  block  this  response.  While  the  absolute  levels  Bcl-2,  Bcl- 
xL,  and  Bax  are  altered,  the  phosphorylation  state  of  Bad  is  altered  following  SM  exposure.  Therefore,  one 
mechanism  for  the  action  of  CaM  inhibitors  is  to  block  the  dephosphorylation  of  Bad,  preventing  it  from 
complexing  with  and  inactivating  Bcl-2,  and  thereby  blocking  activation  of  caspase-9  and  cell  death. 

Bcl-2  has  also  been  shown  to  inhibit  keratinocyte  differentiation  as  well  as  apoptosis.  Bcl-2  levels  are 
high  in  basal  keratinocytes  and  are  reduced  in  the  differentiating  layers  of  the  epidermis  (Hockenberry  et  al., 
1991).  Furthermore,  expression  of  bcl-2  antisense  RNA  lowers  endogenous  levels  of  Bcl-2  and  induces 
markers  of  terminal  differentiation  in  mouse  keratinocytes  (Marthinuss  et  al.,  1995).  Thus,  the  role  of  CaM  in 
SM-induced  differentiation  may  also  be  mediated  via  a  down-regulation  of  Bcl-2  levels.  Consistently,  we  have 
shown  that  following  SM  treatment,  there  is  a  significant  decrease  in  Bcl-2  protein  levels  in  NHEK  as 
determined  by  both  FACS  and  Western  analyses  (Rosenthal  et  al.,  2000). 

An  understanding  of  the  mechanisms  for  SM  vesication  will  hopefully  lead  to  therapeutic  strategies  for 
prevention  or  treatment  of  SM  toxicity.  This  study,  which  was  performed  in  fulfillment  of  a  large  portion  of  the 
Statement  of  Work,  suggests  that  CaM  inhibition  may  protect  the  epidermis  from  SM-induced  apoptosis,  by 
blocking  mitochondrial  pathways  of  apoptosis.  Although  the  mechanism  for  their  protection  has  not  been 
described,  CaM  inhibitors  have  already  been  used  successfully  in  the  treatment  of  both  thermal  bums  and 
frostbite,  and  may  prove  effective  for  SM  as  well,  either  alone,  or  in  combination  with  caspase-3  inhibitors. 


Role  of  PARP  in  progression  of  SM-induced  apoptosis 

Rosenthal,  D.  S.,  Simbulan-Rosenthal,  C.  M.,  Liu,  W.F.,  Velena,  A.,  Anderson,  D.,  Benton,  B.,  Wang,  Z-Q.,  Smith, 
W.,  Ray,  R.,  and  Smulson,  M.  E.  PARP  determines  the  mode  of  cell  death  in  skin  fibroblasts,  but  not  keratinocytes, 
exposed  to  sulfur  mustard.  J.  Invest.  Dermatol.  117:  1566-1573  (2001). 

SM  induces  markers  of  terminal  differentiation  and  apoptosis  in  NHEK,  including  the  early  activation  and 
late  cleavage  of  poly(ADP-ribose)  polymerase  (PARP).  Aside  from  a  direct  effect  of  SM  on  keratinocytes, 
fibroblasts  are  important  for  the  vesication  response.  Human  dermal  fibroblasts  contribute  to  the  vesication 
response  by  releasing  degradative  cytosolic  components  extracellularly  after  SM  exposure.  Lactate 
dehydrogenase,  a  cytosolic  marker  of  necrotic  cell  death,  is  released  in  a  time-dependent  fashion  after  exposure 
of  a  dermal  equivalent  to  2  mM  SM,  suggesting  a  steady  leakage  of  cytosolic  constituents  after  the  initial 
exposure.  Elastase  levels  also  increase  to  over  740%  of  unexposed  controls  24  h  after  exposure  (Lindsay  and 
Upshall,  1995).  SM  causes  both  a  dose-  and  time-dependent  cytotoxicity  of  a  dermal  equivalent,  and  a 
decreased  synthesis  of  fibronectin  by  dermal  fibroblasts.  These  SM-induced  dermal  alterations  correlate  with 
secondary  modifications  of  epithelial  adhesion  and  maturation  of  unexposed  NHEK  (Gentilhomme  et  al.,  1998). 
We  have  also  shown  decreased  levels  of  fibronectin  in  NHEK  exposed  to  SM. 


The  role  of  PARP  in  apoptotic  and  necrotic  cell  death 

Since  SM  is  a  strong  alkylating  agent,  its  ability  to  induce  DNA  damage  via  apurinic  sites  and 
endonucleolytic  cleavage  has  been  advanced  as  one  possible  pathway  leading  to  vesication  (Papirmeister  et  al., 
1985).  Similar  to  other  agents  that  induce  DNA  strand  breakage,  SM  induces  PARP  activity  and  the  poly(ADP- 
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ribosyl)ation  of  a  number  of  nuclear  proteins  using  NAD  as  a  substrate.  We  recently  examined  this  process 
using  a  human  skin  graft  derived  from  human  keratinocytes  stably  transfected  with  a  PARP  antisense  inducible 
vector  (Rosenthal  et  al.,  1995). 

PARP  is  implicated  as  an  important  regulator  of  both  apoptosis  and  necrosis.  PARP  cleavage  is  now 
closely  associated  with  apoptosis  in  different  systems  (Kaufmann  et  al.,  1993;  Neamati  et  al.,  1995;  Nicholson 
et  al.,  1995;  Tewari  et  al.,  1995).  We  previously  showed  that  the  reversible  stage  of  apoptosis  is  characterized 
by  the  transient  activation  of  PARP,  followed  by  the  breakdown  of  poly(ADP-ribose)  and  PARP(Rosenthal  et 
al.,  1997).  The  loss  of  poly(ADP-ribosyl)ation  is  characteristic  of  later  stages  of  apoptosis  during  which  cells 
become  irreversibly  committed  to  death,  which  may  conserve  NAD  and  ATP  for  later  stages  of  apoptosis.  We 
found  that  PARP-depletion  by  antisense  or  by  knockout  attenuates  Fas  -mediated  apoptosis,  and  that  PARP" 
fibroblasts  stably  transfected  with  wild-type  PARP  is  sensitized  to  Fas-mediated  apoptosis  (Simbulan-Rosenthal 
et  al.,  1998).  Expression  of  caspase-3 -resistant  PARP  or  exogenous  wild-type  PARP  in  PARP'  -  cells  (Boulares 
et  al.,  1999;  Herceg  et  al.,  1999)  results  in  an  earlier  onset  of  apoptosis,  consistent  with  an  active  role  for  PARP 
and  poly(ADP-ribosyl)ation  early  in  apoptosis. 

PARP  activation  drastically  depletes  levels  of  cellular  NAD  and  ATP  (Alvarez  et  al.,  1986;  Wielckens  et 
al.,  1982),  which  contributes  to  either  apoptotic  or  necrotic  cell  death.  Partial  ATP  depletion  (approximately  10- 
65%  of  control)  induces  apoptosis  since  ATP-depleted  cells  display  an  upregulation  of  Fas,  Fas  ligand,  and 
FADD,  resulting  in  induction  of  caspase-8  and  caspase-3  activity  (Feldenberg  et  al.,  1999).  Further  depletion  of 
ATP  below  a  threshold  level  however  inhibits  later  events  in  apoptosis,  depending  on  the  cell  type  and  inducing 
agent.  Fas-induced  apoptosis  is  completely  blocked  by  reducing  intracellular  ATP  levels  (Eguchi  et  al.,  1999). 
In  type  I  cells,  ATP-  dependent  step(s)  of  Fas-mediated  apoptotic  signal  transduction  are  only  located 
downstream  of  caspase  3  activation.  However,  in  type  II  cells,  activation  of  caspase-3,  -8,  and  -9,  as  well  as 
cleavage  of  ICAD/DFF45,  is  blocked  by  reduction  of  intracellular  ATP,  whereas  release  of  cytochrome  c  is  not 
affected,  thus  reflecting  a  requirement  for  dATP/ATP  in  the  activation  of  caspase-9.  PARP  cleavage  at  later 
stages  of  apoptosis  prevents  ATP  from  falling  below  this  critical  level. 

The  cellular  response  to  DNA  damage  thus  depends  on  the  level  and  type  of  damage,  and  the  cell  type. 
In  less  severely  damaged  cells,  PARP  signals  a  repair  response  and  protects  against  deleterious  DNA 
recombination  (Chatterjee  et  al.,  1999).  In  severely  damaged  cells,  PARP  activation  induces  poly(ADP- 
ribosyl)ation  of  key  nuclear  proteins,  including  p53  (Simbulan-Rosenthal  et  al.,  1999;  Whitacre  et  al.,  1995), 
and  a  concomitant  lowering  of  NAD  and  ATP  levels,  results  in  cell  death,  the  form  of  which  (apoptosis  vs. 
necrosis)  depend  upon  various  factors,  including  the  time  of  onset  of  caspase  activation  and  proteolytic  PARP 
cleavage.  The  requirement  for  PARP  cleavage  to  prevent  necrosis  associated  with  NAD  depletion  has  been 
confirmed  using  PARP’7"  cells  expressing  a  caspase-resistant  PARP  mutant  (Herceg  and  Wang,  1999). 

Results:  In  this  study,  we  found  that  PARP  plays  a  role  in  cell  death  induced  by  SM  in  primary  and 
immortalized  fibroblasts  by  shifting  the  mode  of  cell  death  from  apoptosis  to  necrosis.  Keratinocytes,  on  the 
other  hand,  express  markers  of  apoptosis  in  the  presence  or  absence  of  a  functional  PARP-1  gene,  although 
apoptotic  markers  are  upregulated  in  the  absence  of  PARP.  These  results  indicate  that  1)  dermal  fibroblasts  and 
keratinocytes,  which  both  contribute  to  SM  vesication,  undergo  different  mechanisms  of  cells  death  in  response 
to  SM,  and  2)  PARP  shifts  the  mode  of  cell  death  from  apoptosis  to  necrosis  in  dermal  fibroblasts.  Therefore, 
inhibition  of  PARP  may  be  of  therapeutic  value  in  the  treatment  or  prophylaxis  from  SM,  since  apoptotic  cell 
death  may  prevent  the  release  of  inflammatory  or  degradative  enzymes  contributing  to  vesication  or  inhibition 
of  healing  of  SM-induced  wounds. 

We  utilized  primary  dermal  fibroblasts,  immortalized  fibroblasts,  and  keratinocytes  derived  from  PARP 
and  PARP  +/+  mice  to  determine  the  contribution  of  PARP  to  SM  toxicity.  Following  SM  exposure,  primary 
skin  fibroblasts  from  PARP-deficient  mice  demonstrated  increased  caspase-3  activity  by  quantitative 
fluorometric  analysis  (Fig.9A),  and  annexin  V-positivity  by  FACS  analysis  (Fig.  9B),  compared  to  those 
derived  from  PARP  +/+  animals.  Conversely,  propidium  iodide  (PI)  staining  (Fig.  9C)  and  PARP  cleavage 
patterns  revealed  a  dose-dependent  increase  in  necrosis  in  PARP  +/+,  but  not  PARP '''  cells. 
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Fig.  9  Exposure  of  primary  dermal  fibroblast  cells  derived  from  PARP  but  not  PARP  +/+  mice  results  in  caspase-3 
activation.  Primary  dermal  fibroblasts  were  derived  from  newborn  mice.  Cells  were  incubated  for  24  h  with  the 
indicated  concentrations  of  SM,  after  which  cell  extracts  were  prepared  and  assayed  for  caspase-3  activity  with  the 
specific  substrate  DEVD-AMC  (A)  or  Annexin  V  binding  (B)  plus  propidium  iodide  staining  (C)  by  FACS  analysis. 


Using  immortalized  PARP  '''  keratinocytes  stably  transfected  with  the  human  PARP  cDNA  or  with  empty 
vector  alone,  we  show  that  PARP  also  inhibits  markers  of  apoptosis  in  these  cells  (Fig.  10). 

A  Immortalized  fibroblasts  B  SM  _ I? _ 1<w>  300  580 

PARP  PARP  PARP  1  -f.  ‘  1  ./  -l-  '  -I- 


Fig.  10  Stable  Expression  of  PARP  in  immortalized  PARP  ~/'  fibroblasts  eliminates  SM-induced  processing  of 
procaspase-3  to  its  active  form.  Cultures  of  fibroblasts  were  analyzed  for  expression  of  PARP  by  immunoblot 
analysis  (A),  and  after  treatment  with  the  indicated  concentrations  of  SM  (B),  extracts  were  derived  after  24  h  and 
analyzed  for  caspase-3  processing  by  immunoblot  analysis  (C). 

In  contrast  to  fibroblasts,  primary  keratinocytes  derived  from  PARP+/+  and  PARP  "  mice,  and  immortalized 
with  the  HPV  E6  and  E7  genes  express  markers  of  apoptosis  in  response  to  SM  (Fig.  11).  PARP  deficiency 
results  in  the  enhanced  expression  of  apoptotic  markers  in  the  keratinocytes  derived  from  PARP  _/'  animals. 
The  effects  of  PARP  on  the  mode  of  cell  death  in  different  skin  cell  types  may  determine  the  severity  of 
vesication  in  vivo,  and  thus  have  implications  for  the  design  of  PARP  inhibitors  to  reduce  SM  pathology. 
Studies  in  which  newborn  wild-type  and  PARP-deficient  mice  have  been  exposed  to  SM  by  vapor  cup  indicate 
that  PARP  modulates  the  response  of  intact  animals  as  well. 
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Fig.  11  SM  induces  caspase-3  activity  in  different  clones  of  PARP  ’/"  and  PARP  +/+  keratinocytes.  Cell  extracts  of 
immortalized  PARP  /+  or  PARP  "/"  keratinocytes  were  subjected  to  immunoblot  analysis  with  antibodies  to  PARP, 
vimentin,  or  cytokeratin.  Two  clones  each  of  PARP  "  '  and  PARP  +/+  keratinocytes  were  incubated  for  24  h  with  the 
indicated  doses  of  SM;  whole  cell  extracts  were  assayed  for  caspase-3  activity  with  the  specific  substrate  DEVD-AMC. 


Bhat,  K.R.,  Benton,  B.J.,  Rosenthal,  D.  S.,  Smulson,  M.  E.  ,  and  Ray,  R.  Role  of  poly(ADP-ribose)  polymerase 
(PARP)  in  DNA  repair  in  sulfur  mustard-exposed  normal  human  epidermal  keratinocytes  (NHEK).  J.  Applied 
Toxicol.,  20(S1):  S13-S17  (2000). 

In  collaboration  with  Dr.  Radharaman  Ray  and  Dr.  Bhat  (USMRICD),  we  recently  also  examined  the  role 
of  PARP  in  SM-induced  DNA  ligase  activation  and  subsequent  DNA  repair,  by  conducting  studies  using 
cultured  keratinocytes  in  which  the  level  of  PARP  had  been  selectively  lowered  (>/=85%)  by  the  use  of  induced 
expression  of  antisense  RNA.  NHEK  cultures  exposed  to  the  SM  (0.3-1  mM)  exhibit  a  rapid  (</=l  h)  activation 
(100%  above  unexposed  control)  of  the  DNA  repair  enzyme  DNA  ligase  I  (130  kD)  accompanied  by  a  time- 
dependent  (0.5-4  h)  and  significant  DNA  repair,  followed  by  a  first-order  decay  (1-5  h).  Inhibition  of  PARP 
with  3-aminobenzamide  does  not  affect  DNA  ligase  activation  following  HD  exposure,  but  increases  the  half- 
life  of  the  activated  enzyme  threefold.  In  PARP-depleted  cells,  there  was  no  stimulation  of  DNA  ligase  up  to  3 
h,  and  a  small  stimulation  (ca.  30%  above  unexposed  control  at  5-6  h  after  SM  exposure.  A  time-course  (0.5-6 
h)  study  of  DNA  repair  in  SM-exposed  PARP-deficient  keratinocytes  revealed  a  much  slower  rate  of  repair 
compared  with  SM-exposed  NHEK.  The  results  suggest  an  active  role  of  PARP  in  DNA  ligase  activation  and 
DNA  repair  in  cells,  and,  together  with  the  data  shown  above  confirm  that  modulation  of  PARP-mediated 
mechanisms  may  provide  a  useful  approach  in  preventing  SM  toxicity. 


DAMD 17-00-C-0026 


18 


Final  Report 


2.  THE  ROLE  OF  FAS/FADD  DEATH  RECEPTOR  PATHWAY  IN  SM-INDUCED  APOPTOSIS 


Rosenthal,  D.  S.,  Velena,  A.,  Chou,  F.P.,  Schlegel,  R.,  Ray,  R.,  Benton,  B.,  Anderson,  D.,  Smith,  W.  J.,  and 
Simbulan-Rosenthal,  C.M.  Expression  of  dominant-negative  Fas-associated  death  domain  blocks  human 
keratinocyte  apoptosis  and  vesication  induced  by  sulfur  mustard.  J  Biol  Chem.  278:8531-8540  (2003). 

Fas  is  a  cell-surface  receptor  found  in  most  cell  types,  including  keratinocytes  that  mediates  some  forms  of 
apoptosis.  Upon  activation  by  its  specific  ligand  (Fas  L),  or  by  agonist  antibody,  Fas  forms  a  homotrimeric 
complex,  which  in  turn  recruits  the  Fas  Associated  Death  Domain  protein  (FADD)  to  the  membrane-bound 
complex.  In  turn,  one  or  more  of  the  “upstream  caspases”  (caspase-8,  and/or  -10)  localize  to  the  Fas-FADD 
complex,  and  become  activated  autocatalytically.  In  our  study,  we  showed  that  following  exposure  to  Fas 
antibody,  caspase-8  is  activated,  which  in  turn  causes  the  activation  of  the  “executioner  caspases”  3,  6,  and  7.  It 
appears  that  the  activation  of  caspase-3  is  sufficient  for  cell  death  by  apoptosis  to  occur,  since  ectopic 
expression  of  this  protein  results  in  rapid  cell  death.  DNA  damaging  agents,  including  chemotherapeutic  agents, 
upregulate  levels  of  the  Fas  receptor  or  its  ligand,  and  overexpression  of  either  Fas  or  Fas  ligand  can  lead  to 
apoptosis.  We  showed  that  NHEKs  exposed  to  a  vesicating  dose  (300  pM)  of  SM  exhibit  a  time-dependent 
increase  in  the  levels  of  both  Fas  receptor  as  well  as  Fas  ligand.  Furthermore,  caspase-8  is  activated  within  2  h 
after  exposure  of  NHEK  to  SM.  To  further  analyze  the  importance  of  the  death  receptor  pathway  for  SM 
toxicity,  we  utilized  a  dominant  negative  inhibitor  of  FADD  (FADD-DN).  In  cells  expressing  FADD-DN,  the 
recruitment  of  FADD  to  the  death  receptor  complex  is  inhibited  as  shown  below  (Fig.12).  Therefore,  if  FADD- 
DN  blocks  apoptosis,  it  can  be  concluded  that  the  agent  activates  a  death  receptor  pathway. 
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Fig.  12  Schematic  of  FADD-DN  strategy  (A)  and  FADD,  FADD-DN,  and  AU-1  expression  in  FADD-DN  clones  of 
NCO  keratinocytes  (B).  Cell  extracts  of  FADD-DN  clones  of  NCO  keratinocytes  were  subjected  to  immunoblot 
analysis  with  antibodies  to  FADD  (left  panel)  or  AU1  (right  panel). 
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Results:  We  first  tested  whether  the  FADD-DN  construct  could  in  fact  suppress  the  death  receptor 
pathway  of  apoptosis.  Control  keratinocytes  (Nco),  or  cells  stably  expressing  FADD-DN  were  treated  with  a 
Fas  agonist  antibody  (clone  CH11)  to  induce  apoptosis.  For  markers  of  apoptosis,  we  measured  caspase-3 
activity  by  fluorometric  analysis,  using  DEVD-AMC  as  a  substrate.  Fig.  13  (right  panel)  shows  that  caspase-3 
activity  is  suppressed  in  cells  expressing  the  FADD-DN  protein.  Cells  were  then  treated  with  either  0,  50,  200, 
or  500  |iM  SM,  and  extracts  analyzed  for  caspase-3  activity.  Similar  to  Fas-mediated  apoptosis,  Fig.  13  (left 
panel)  shows  that  caspase-3  activity  is  inhibited  by  FADD-DN. 


Fas  Concentration  (ng/ml) 
CHX  (10  ng/ml) 


Fig.  13  SM  exposure  of  control  keratinocytes  but  not  FADD-DN  cells  results  in  caspase-3  activation.  Control 
(NCO)  and  F ADD-DN  (NCO/FADD-DN)  keratinocytes  were  incubated  for  24  h  with  the  indicated  concentrations  of 
SM  (A)  or  with  anti-Fas  and  cycloheximide  (B),  after  which  cell  extracts  were  prepared  and  assayed  for  caspase-3 
activity  with  the  specific  substrate  DEVD-AMC. 


We  next  analyzed  whether  expression  of  FADD-DN  in  keratinocytes  could  suppress  the  proteolytic  processing 
of  procaspase-3  into  its  active  form.  Fig.  14  shows  that  treatment  of  Nco  keratinocytes  with  100,  200,  or  300 
pM  SM  resulted  in  the  processing  of  procaspase-3  into  its  active  form.  On  the  other  hand  this  processing  was 
almost  completely  suppressed  in  cells  stably  expressing  FADD-DN. 
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Fig.  14  SM  exposure  of  control  keratinocytes  but  not  FADD-DN  cells  results  in  caspase-3  processing  and 
internucleosomal  DNA  cleavage.  Control  (NCO)  and  FADD-DN  (NCO/FADD-DN)  keratinocytes  were  incubated 
for  24  h  with  the  indicated  concentrations  of  SM  (A),  after  which  cell  extracts  were  subjected  to  immunoblot 
analysis  with  anti-caspase-3  (upper  panel)  or  DNA  was  extracted  and  assayed  for  internucleosomal  DNA  cleavage 
by  agarose  gel  electrophoresis  (lower  panel). 
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A  hallmark  of  apoptosis  is  the  generation  of  multimers  of  nucleosome-sized  DNA  fragments  as  the  result  of 
the  activation  of  apoptotic  endonucleases  which  cleave  the  chromatin  in  the  intemucleosomal  linker  regions. 
We  therefore  treated  Nco  or  FADD-DN  keratinocytes  with  increasing  doses  of  SM,  after  which  DNA  was 
isolated  and  resolved  on  1.5%  agarose  gels.  Fig.  14  (lower  panel)  shows  that  a  SM  dose-dependent 
intemucleosomal  fragmentation  is  clearly  visible  in  control  Nco  keratinocytes,  but  not  in  those  expressing 
FADD-DN. 

Another  well  established  marker  of  apoptosis  is  the  fragmentation  of  nuclei.  This  occurs  partly  because  of 
the  caspase-6  mediated  cleavage  of  nuclear  lamin  at  a  specific  sequence.  We  therefore  analyzed  the  cleavage  of 
nuclear  lamin  following  exposure  to  SM.  Control  Nco  keratinocytes  displayed  a  SM  dose-dependent  increase 
in  the  caspase-6  mediated  cleavage  of  nuclear  lamin,  whereas,  this  cleavage  was  almost  completely  suppressed 
in  keratinocytes  that  stably  expressed  FADD-DN.  Similarly,  proteolytic  activation  of  the  upstream  caspase-8 
was  also  blocked  in  FADD-DN  keratinocytes  (Fig.  1 5). 


Fig.15  Expression  of  FADD-DN  inhibits  SM-induced  proteolytic  activation  of  caspase-8  in  human  keratinocytes. 
Control  (NCO)  and  FADD-DN  (NCO/FADD-DN)  keratinocytes  were  incubated  with  300  pM  SM  for  the  indicated 
times,  after  which  cell  extracts  were  subjected  to  immunoblot  analysis  with  antibodies  to  caspase-8. 

Taken  together,  these  results  indicate  that  blocking  the  death  receptor  complex  by  expression  of  a  dominant 
negative  FADD  (FADD-DN)  inhibits  SM-induced  caspase-3  activation,  processing,  intemucleosomal  DNA 
cleavage,  and  caspase-6-mediated  nuclear  lamin  cleavage. 

Inhibition  of  the  Fas  with  Blocking  Antibodies  Inhibits  Markers  of  SM-induced  Apoptosis 
We  previously  reported  in  our  annual  reports  that  the  levels  of  both  Fas  and  FasL  are  elevated  in  SM-treated 
keratinocytes.  To  directly  test  the  role  of  Fas  in  SM-induced  apoptosis,  we  utilized  neutralizing  antibody. 
Phosphatidyl  serine  is  exposed  on  the  surface  of  apoptotic  cells,  and  its  presence  can  be  detected  via  annexin  V 
binding.  We  therefore  determined  annexin  V  binding  by  FACS  analysis  16  h  after  SM  exposure.  Fig.  16^4 
shows  that  pretreatment  with  Fas-blocking  antibody  (ZB4)  reduces  the  amount  of  apoptosis  compared  to 
untreated  NHEK  at  the  doses  tested.  That  control  cells  are  more  sensitive  to  SM-mediated  killing  is  also 
confirmed  by  a  plot  of  the  survival  rates  (propidium  iodide  negative,  annexin  V-negative;Fig.  162?)., 
Pretreatment  with  ZB4  also  reduces  caspase-3  activity  and  proteolytic  processing  (Fig.  16,  C  and  D).  SM  thus 
appears  to  work  through  a  Fas-mediated  pathway. 
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FIG.  16.  Inhibition  of  the  Fas,  but  not  TNFR1,  pathway  with  blocking  antibodies  inhibits  caspase-3  activity  and 
processing.  Human  keratinocytes  (NHEK)  were  incubated  for  16  h  with  the  indicated  concentrations  of  SM  in  SFM 
in  the  presence  or  absence  of  Fas-  or  TNFR1 -neutralizing  antibodies,  after  which  cells  were  prepared  and  assayed  for 
annexin  V  binding  plus  propidium  iodide  staining  by  FACS 


SM  Induces  Markers  of  Apoptosis  in  Basal  Cells  in  Human  Skin  Grafts,  Particularly  in  Regions  of 
Microvesication,  an  Effect  That  Is  Inhibited  by  FADD-DN  Expression 

We  examined  the  expression  of  apoptotic  markers  within  individual  cells  in  vivo.  DNA  breaks  were  first 
detected  within  intact  cells  within  the  grafts  using  DermaTACS  (Trevigen),  a  Klenow  fragment  based  assay 
system.  We  grafted  control  Nco  keratinocytes,  or  FADDDN-  expressing  Nco.  The  grafts  were  then  exposed  to 
SM  by  the  vapor  cup  method  at  USAMRICD  by  Dana  Anderson.  Animals  were  then  sacrificed  24  h  later.  Skin 
samples  were  then  obtained  and  either  fixed  and  paraffin  embedded  or  frozen.  Sections  were  then  derived  from 
skin  biopsies.  Fig.  VIA  shows  that  SM  induces  apoptosis,  as  determined  by  TACS  analysis,  in  the  basal  cells  of 
grafts  derived  from  Nco.  Basal  keratinocytes  displaying  apoptotic  DNA  fragmentation  were  concentrated  in  the 
areas  where  microvesication  was  detectable  by  phase  contrast  and  histological  staininng.  Keratinocytes 
expressing  FADD-DN  in  skin  grafts  did  not  display  the  same  degree  of  apoptosis  or  microvesication. 

As  outlined  in  the  Statement  of  Work,  we  also  utilized  genetically  altered  mice  deficient  in  Fas  signaling  to 
determine  its  role  in  SM-induced  apoptosis  and  vesication.  We  therefore  exposed  control  and  Fas  knockout 
newborn  pups  to  SM  by  a  modified  vapor  cup  method  (Dana  Anderson,  USAMRICD).  Fig.  17B  shows  that, 
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similar  to  the  human  skin  graft  system,  SM  induced  apoptosis  in  the  basal  cells  of  control  animals  in  the  areas 
of  microvesication,  but  not  in  skin  derived  from  genetically  matched  mice  with  a  disrupted  Fas  gene. 

The  data  suggest  that  SM  induces  a  Fas/TNF  apoptotic  pathway,  both  in  vitro  and  in  vivo,  resulting  in  the 
activation  of  caspase-3  and  apoptosis  of  basal  cells,  contributing  to  the  vesication  response.  To  directly  detect 
activation  of  caspase-3  in  SM-exposed  skin,  we  utilized  antibodies  that  recognize  the  only  the  cleavage  products 
of  caspase,  but  not  intact  procaspase-3.  When  mouse  skin  was  exposed  to  SM,  we  discovered  that  caspase-3  is 
activated  in  basal  epidermal  cells  of  control  mouse  skin  treated  with  SM  (Fig.  18).  On  the  other  hand,  our 
preliminary  results  indicate  that  caspase-3  activation  in  basal  cells  is  diminished  in  skin  derived  from 
genetically  matched  mice  with  a  disrupted  Fas  gene  (knockout).  These  results  show  that  the  Fas/TNF  pathway 
of  apoptosis  is  activated  in  individual  basal  cells  by  SM,  particularly  in  regions  of  microvesication.  We  also 
obtained  similar  results  in  which  basal  cells  of  SM-treated  human  skin  grafts  derived  from  Nco  keratinocytes 
displayed  immunostaining  for  active  caspase-3  in  areas  of  microvesication  in  the  skin  grafts.  In  contrast, 
preliminary  results  indicate  that  grafts  derived  from  FADD-DN  keratinocytes  exhibit  less  active  caspase-3  in 
the  basal  cells,  consistent  with  the  results  of  immunoblot  analysis. 
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FIG.  17.  SM  induces  markers  of  apoptosis  in  basal  cells  in  human  skin  grafts,  particularly  in  regions  of 
microvesication,  an  effect  that  is  inhibited  by  Fas-knockout  or  FADD-DN  expression.  A,  control  human  keratinocytes 
(Nco),  or  FADD-DN-expressing  Nco  were  grafted  onto  nude  mice,  which  were  then  exposed  to  SM  by  vapor  cup.  The 
SM-exposed  human  skin  grafts  were  obtained,  fixed,  sectioned,  and  subjected  to  DNA  break  detection  by  DermaTACS. 
Slides  were  then  observed  by  bright  field  microscopy.  The  positions  of  the  basal  cells,  the  dermis,  and  areas  of  vesication 
are  indicated.  B.  control  and  Fas  knockout  newborn  pups  were  exposed  to  SM  by  the  vapor  cup  method.  24  h  after 
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exposure,  animals  were  sacrificed,  and  skin  biopsies  were  obtained,  fixed,  and  sectioned.  DNA  breaks  were  then  detected 
by  the  DermaTACS  method. 
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FIG.  18.  Caspase-3  is  activated  in  basal  epidermal  cells  of  mouse  skin  treated  with  SM  by  vapor  cup,  particularly  in 
regions  of  microvesication.  Newborn  mice  were  exposed  to  SM  by  the  vapor  cup  method,  and  paraffin-embedded 
sections  were  derived  from  the  sites  of  SM-exposed  mouse  skin.  Sections  were  deparaffmized,  incubated  with 
antibodies  to  active  caspase-3  with  biotinylated  antimouse  IgG,  and  with  streptavidin-conjugated  Texas  Red,  and 
then  observed  with  a  Zeiss  fluorescence  microscope.  Immunostaining  of  mouse  epidermis  treated  with  SM  by  vapor 
cup  exposure  using  anti-active  caspase-3  (left)  or  phasecontrast  (right)  are  shown.  The  positions  of  the  basal  cells, 
cells  with  active  caspases-3,  as  well  as  areas  of  microvesication  are  indicated. 

3.  ROLE  OF  p53  IN  SM-INDUCED  APOPTOSIS/  MODULATION  OF  p53  FUNCTION  BY 
PARP 

Simbulan-Rosenthal,  C.  M.,  Rosenthal,  D.  S.,  Smulson,  M.  E.  Poly(ADP-ribosyl)ation  of  p53  during  apoptosis  in 
human  osteosarcoma  cells.  Cancer  Res.  59:  2190-2194  (1999). 

Simbulan-Rosenthal,  C.  M.,  Rosenthal,  D.  S.,  Luo,  R.,  Samara,  R.,  Jung,  M.,  Dritschilo,  A.,  Spoonde,  A.,  and 
Smulson,  M.  E.  Poly(ADP-ribosyl)ation  of  p53  in  vitro  and  in  vivo  modulates  binding  to  its  DNA  consensus 
sequence.  Neoplasia  3,  179-188  (2001). 

We  have  previously  shown  that  p53  is  induced  in  keratinocytes  in  response  to  SM,  along  with  the 
important  role  that  p53  may  play  in  apoptosis.  I  showed  that  the  intracellular  p53  concentration  is  dramatically 
increased  within  2  h  of  SM  treatment,  further  evidence  that  apoptosis  occurs  early  and  is  the  primary  response 
of  keratinocytes  to  SM  (Rosenthal  et  al.,  1998).  Thus,  p53  partially  mediates  SM  induced  apoptosis.  Recent 
evidence  suggests  that  p53  may  function  via  upregulation  of  pro-apoptotic  proteins  Bax,  as  well  as  Fas.  Our 
previous  studies  showed  that  both  CaM  and  p53  play  important  roles  in  the  differentiation  and  apoptotic 
responses  of  keratinocytes  to  SM.  Since  p53  is  rapidly  induced  in  response  to  SM  as  well  as  many  other 
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apoptosis-inducing  agents,  in  the  following  studies,  we  investigated  post-translational  mechanisms  for 
regulation  of  p53  function  during  apoptosis  induced  by  different  agents.  To  clarify  the  role  of  PARP  in  the 
modulation  of  p53  function,  we  have  recently  shown  that  p53  undergoes  modification  by  poly(ADP- 
ribosyl)ation  in  vivo,  and  have  further  explored  how  this  modification  is  altered  during  apoptosis. 

Results:  We  observed  that  apoptosis  in  human  osteosarcoma  cells  is  associated  with  a  marked  increase  in 
the  intracellular  abundance  of  p53.  Immunoprecipitation  and  immunoblot  analysis  revealed  that,  together  with  a 
variety  of  other  nuclear  proteins,  p53  undergoes  extensive  poly(ADP-ribosyl)ation  early  during  the  apoptotic 
program  in  these  cells  (Fig.  19;  (Simbulan-Rosenthal  et  al„  1999;  Simbulan-Rosenthal  et  al.,  1999)).  Subsequent 
degradation  of  poly(ADP-ribose)  (PAR)  attached  to  p53  was  apparent  concomitant  with  the  onset  of  proteolytic 
processing  and  activation  of  caspase-3,  caspase-3  mediated  cleavage  of  PARP  (Fig.  19  upper  panels),  and 
intemucleosomal  DNA  fragmentation  during  the  later  stages  of  cell  death.  The  decrease  in  PAR  covalently 
bound  to  p53  also  coincided  with  the  marked  induction  of  expression  of  the  p53  responsive  genes  bax  and  bas 
(Fig.  19  lower  panels).  These  results  suggest  that  poly(ADP-ribosyl)ation  may  play  a  role  in  the  regulation  ot 
p53  function  and  implies  a  regulatory  role  for  PARP  and/or  PAR  early  in  apoptosis. 
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Fig.  19  Time  courses  of  activation  of  caspase  3, 
in  vivo  PARP  cleavage,  poly(ADP-ribosyl)  ation 
of  nuclear  proteins,  polyADP-ribosyl)ation  and 
accumulation  of  p53,  and  expression  of  p53- 
responsive  genes  bax  and  Fas  during  apoptosis  in 
human  osteosarcoma  cell.  Cells  were  induced  to 
undergo  spontaneous  apoptosis  for  9  days,  and  at 
the  indicated  times  (D1-D7),  cell  extracts  were 
subjected  to  immunoblot  analyses  with  antibodies 
to  caspase-3,  PARP,  PAR,  Bax,  and  Fas.  Cell 
extracts  (100  pg)  were  also  subjected  to 
immunoprecipitation  with  anti-p53  and  subjected 
to  immunoblot  analysis  with  anti-PAR.  The 
immunoblot  was  then  stripped  and  reprobed  with 
polyclonal  antibodies  to  p53.  The  positions  of 
PARP  and  of  its  89-cleavage  product,  procaspase 
3  and  its  active  form  pi 7,  p53,  Bax,  and  Fas  are 


indicated. 


pS3-wsponsive  genes 


We  further  investigated  the  mechanism  by  which  poly(ADP-ribosyl)ation  may  regulate  p53  function. 
Purified  wild-type  PARP-1  catalyzed  the  poly(ADP-ribosyl)ation  of  full-length  p53  in  vitro.  In  gel  supershift 
assays,  poly(ADP-ribosyl)ation  suppressed  p53  binding  to  its  DNA  consensus  sequence,  however,  when  p5 
remained  unmodified  in  the  presence  of  inactive  mutant  PARP-1,  it  retained  sequence-specific  DNA  binding 
activity  (Simbulan-Rosenthal  et  al.,  2001).  As  shown  in  Fig.  20,  poly(ADP-ribosyl)ation  of  p53  by  PARP-1 
during  early  apoptosis  in  osteosarcoma  cells  also  inhibited  p53  interaction  with  its  DNA  consensus  sequence, 
thus,  poly(ADP-ribosyl)ation  may  represent  a  novel  means  for  regulating  transcriptional  activation  by  p53  in 
vivo.  This  posttranslational  modification  may  therefore  play  a  role  in  the  regulation  of  p53  function  or, 
alternatively,  in  its  degradation  during  p53-dependent  apoptosis.  These  results  are  consistent  with  studies 
showing  substantial  poly(ADP-ribosyl)ation  of  p53,  with  polymer  chain  lengths  from  4  to  30  residues,  in  cells 
undergoing  apoptosis  in  response  to  DNA  damage  (Kumari  et  al.,  1997)  (Nozaki  et  al.,  1997). 
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Fig.  20.  Effect  of  poly(ADP-ribosyl)ation  of  p53 
during  apoptosis  on  binding  to  its  DNA  consensus 
sequence  in  vitro.  Osteosarcoma  cell  extracts 
prepared  before  (Dl),  after  (D5),  and  at  the  peak  of 
poly(ADP-ribosyl)ation  (D3)  were  subjected  to  gel 
supershift  assays  with  anti-p53  and  the  32P-labeled 
30-bp  oligonucleotide  containing  the  consensus  p53- 
binding  sequence.  Control  asays  were  also  performed 
without  cell  extracts,  or  with  an  unrelated  control 
oligonucleotide  to  confirm  specificity  of  binding. 


Simbulan-Rosenthal,  C.,  Haddad,  B.,  Rosenthal,  D.*,  Weaver,  Z.,  Coleman,  A.,  Luo,  R.,  Young,  H.,  Wang,  Z.Q., 
Ried,  T.,  and  Smulson,  M.  Chromosomal  aberrations  in  PARP-/-  mice:  genome  stabilization  in  immortalized  cells 

by  reintroduction  of  PARP  cDNA.  Proc.  Natl.  Acad.  Sci.  USA  96:  13191-13196  (1999).  *  first  three  authors 
contributed  equally 

Simbulan-Rosenthal,  C.  M.,  Rosenthal,  D.  S.,  Luo,  R,  Li,  J-H.,  Zhang,  J.,  and  Smulson,  M.  E.  Inhibition  of 
poly(ADP-ribose)  polymerase  activity  is  insufficient  to  induce  tetraploidy.  Nucleic  Acids  Res.  29,  841-849 
(2001). 


Simbulan-Rosenthal,  C.,  Ly,  D.,  Rosenthal,  D.,  Konopka,  G.,  Luo,  R.,  Wang,  Z.,  Schultz,  P.,  and  Smulson,  M. 

Misregulation  of  gene  expression  in  primary  fibroblasts  lacking  poly(ADP-ribose)  polymerase.  Proc.  Natl.  Acad.  Sci. 

USA  97,  11274-11279(2000). 

As  discussed  earlier,  SM  exposure  induces  p53  upregulation,  p53  induces  Fas,  and  PARP  may  modulate 
p53  function  and  levels  presumably  by  inhibiting  p53  breakdown.  Primary  fibroblasts  from  PARP  -/-  mice  were 
shown  to  have  a  two-fold  lower  basal  level  of  p53  and  are  defective  in  the  induction  of  p53  in  response  to  DNA 
damage  (Agarwal  et  al.,  1997).  In  the  three  recent  studies  above,  we  extended  these  observations  further  and 
demonstrated  that  p53  is  detected  in  lysates  of  wild-type  cells,  but  not  in  PARP--  cell  extracts,  by  immunoblot 
analysis  with  anti-p53  (Fig.  21  upper  panels;  (Simbulan-Rosenthal  et  al.,  1999)),  and  stable  transfection  with 
PARP  cDNA  partially  restored  p53  expression  in  the  P  ARP--(+PARP)  cells.  In  addition,  this  decrease  in  p53 
expression  in  PARP-  -  cells  was  not  attributable  to  lower  p53  transcript  levels  or  a  decrease  in  copy  number,  as 
revealed  by  RT-PCR  analysis  of  RNA  and  PCR  analysis  of  genomic  DNA  from  these  cells  (Fig.  21  lower 
panels),  suggesting  that  the  lack  of  p53  in  PARP  7-  cells  may  be  due  to  reduced  protein  stability  and  that  PARP 
may  be  involved  in  p53  stabilization  and  accumulation. 

Since  the  loss  of  p53  allows  the  survival  of  cells  with  severe  DNA  damage,  thus,  promoting  tetraploidy 
[Yin,  1999  #2217],  down-regulation  of  p53  expression  in  PARP-7-  cells  may  contribute,  at  least  in  part,  to  our 
recent  observations  of  genomic  instability  and  the  development  of  tetraploidy  in  these  cells. 
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Fig.21.  PARP  and  p53  expression  in  immortalized 
wild-type,  PARP and  PARRfi+PARP)  fibroblasts. 
(A)  Cell  extracts  of  wild-type,  PARP”7”,  and 
PARP_/"(+PARP)  fibroblasts  (30  pg)  were  subjected 
to  immunoblot  analysis  with  antibodies  to  PARP 
(upper  panel)  and  to  p53  (middle  panel).  RT-PCR 
and  PCR  was  performed  with  specific  primers  for 
p53  mRNA  and  gene  (lower  panels).  The  positions  of 
PARP,  p53,  and  p53  cDNA  are  indicated. 


In  the  papers  listed  above,  we  showed  that  immortalized  fibroblasts  derived  from  PARP  mice  exhibit  a 
genomically  unstable  tetraploid  population  and  partial  chromosomal  gains  and  losses  in  PARP””  mice  and 
immortalized  fibroblasts  are  accompanied  by  changes  in  the  expression  of  p53,  Rb,  and  c-Jun,  as  well  as  other 
proteins  (Simbulan-Rosenthal  et  al.,  1999).  We  also  detected  a  tetraploid  population  in  primary  fibroblasts 
derived  from  PARP  mice.  We  then  applied  oligonucleotide  microarray  analysis  to  characterize  more 
comprehensively  the  differences  in  gene  expression  between  asynchronously  dividing  primary  fibroblasts 
derived  from  PARP”7”  mice  and  their  wild-type  littermates  (Simbulan-Rosenthal  et  al.,  2000).  Of  the  11,000 
genes  monitored,  93  differentially  expressed  genes  were  identified.  We  found  that  the  loss  of  PARP  results  in 
down-regulation  of  the  expression  of  several  genes  involved  in  regulation  of  cell  cycle  progression  or  mitosis, 
DNA  replication,  or  chromosomal  processing  or  assembly.  PARP  deficiency  also  up-regulates  genes  that 
encode  extracellular  matrix  or  cytoskeletal  proteins  that  are  implicated  in  cancer  initiation  or  progression  or  in 
normal  or  premature  aging.  These  results  provide  insight  into  the  mechanism  by  which  PARP  deficiency 
impairs  mitotic  function,  thereby  resulting  in  the  genomic  alterations  and  chromosomal  abnormalities  as  well  as 
in  altered  expression  of  genes  that  may  contribute  to  genomic  instability,  cancer,  and  aging.  In  addition,  when 
we  performed  FACS  analysis  of  unsynchronized  wild-type  cells  exposed  for  up  to  3  weeks  to  GPI  6150,  a 
potent  small-molecule  PARP  inhibitor,  we  showed  that  PARP  inhibition  was  insufficient  to  induce  the 
development  tetraploidy  (Simbulan-Rosenthal  et  al.,  2001),  suggesting  that,  aside  from  its  catalytic  function, 
PARP  may  play  other  essential  roles  in  the  maintenance  of  genomic  stability. 


4.  MECHANISMS  OF  APOPTOSIS/CELL  DEATH  INDUCED  BY  OTHER  DNA-DAMAGING  AGENTS: 

JET-FUEL  JP-8  AND  ULTRAVIOLET  RADIATION 

Rosenthal,  D.  S.,  Simbulan-Rosenthal,  C.  M.,  Liu,  W.F.,  Stoica,  B.,  and  Smulson,  M.  E.  Mechanisms  of  JP-8  jet 
fuel  toxicity  II:  induction  of  necrosis  in  skin  fibroblasts  and  keratinocytes  and  modulation  of  levels  of  Bcl-2  family 
members.  Toxicol.  Applied  Pharmacol.  171,  107-116  (2001). 

Stoica,  B.A.,  Boulares,  A.  H.,  Rosenthal,  D.  S.,  Iyer,  S.,  Ha,ilton,  I  D.,  and  Smulson,  M.  E.  Mechanisms  of  P-8  jet 
fuel  toxicity  II:  induction  of  necrosis  in  skin  fibroblasts  and  keratinocytes  and  modulation  of  levels  of  Bcl-2  family 
members.  Toxicol.  Applied  Pharmacol.  171,  107-116  (2001). 

In  the  papers  listed  above,  we  investigated  the  mechanisms  of  apoptosis  or  cell  death  induced  by  other 
DNA  damaging  agents,  such  as  JP8  (jet  propulsion  fuel  8),  which  induces  loss  of  epithelial  barrier  integrity  in 
bronchial  and  bronchiolar  airways,  an  initiating  factor  in  the  onset  of  toxicant-induced  lung  injuries  (Robledo  et 
al.,  1999).  Since  the  skin  performs  a  barrier  function  that  prevents  water  loss  and  protects  against  environmental 
insult,  the  potential  dangers  from  skin  exposure  to  jet  fuel  include  the  risk  of  percutaneous  absorption  of  the 
compound  leading  to  systemic  exposure. 

Results:  We  found  that  JP-8  induces  apoptosis  in  rat  lung  epithelial  (RLE-6TN)  cells,  as  shown  by 
Hoechst  staining  (Fig.  22  left  panel)  and  caspase  3  activation  (right  panel)  (Stoica  et  al.,  2001).  Similar  results 
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were  observed  with  primary  mouse  T  lymphocytes,  Jurkat  T  lymphoma  cells,  and  U937  monocytic  cells 
exposed  to  JP-8. 
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Fig.  22.  TP-#  jet  fuel  induces  chromatin  fragmentation,  caspase  3  activation,  and  PARP  cleavage  in  RLE-6TN  cells. 
RLE-6TN  cells  were  treated  with  a  lxlO'4  dilution  of  JP-8  jet  fuel  for  the  indicated  times  after  which  cell  morphology  was 
examined  after  staining  with  Hoechst-33342  (left  panel).  Cell  extracts  were  also  prepared  and  assayed  for  caspase-3 
activity  with  the  specific  substrate  DEVD-AMC  (A)  or  subjected  to  immunoblot  analysis  with  antibodies  to  caspase  3  (B) 
or  PARP  (C)  (right  panel). 


Interestingly,  we  observed  a  different  mechanism  of  cytotoxicity  in  human  keratinocytes  grown  in  culture  as 
well  as  when  grafted  onto  nude  mice  (Rosenthal  et  al.,  2001).  At  lower  levels  of  JP-8  (80  pg/ml;  1  x  10'4 
dilution),  sufficient  to  induce  apoptosis  in  other  cell  types,  including  lung  epithelial  cells  (Stoica  et  al.,  2001), 
no  apoptosis  was  observed.  At  higher  levels  (>200  pg/ml;  2.5  x  10'4  dilution),  JP-8  is  cytotoxic  to  both  primary 
and  immortalized  human  keratinocytes,  as  evidenced  by  the  metabolism  of  calcein,  as  well  as  by  morphological 
changes  such  as  cell  rounding  and  cell  detachment.  There  was  no  evidence  of  activation  of  caspases-3,  -7,  or  -8 
either  by  enzyme  activity  or  immunoblot  analysis,  and,  unlike  our  results  with  NHEK  exposed  to  SM,  the  stable 
expression  of  a  dominant-negative  inhibitor  of  apoptosis  (FADD-DN)  did  not  increase  the  survival  of 
keratinocytes  to  JP-8  (Fig.  23).  The  pattern  of  PARP  cleavage  was  also  characteristic  of  necrosis.  PARP  is 
implicated  in  necrosis  via  its  ability  to  deplete  ATP  levels  in  damaged  cells.  However,  PARP’  '  fibroblasts 
underwent  necrotic  cell  death  similar  to  PARP'7'  cells  stably  transfected  with  PARP  cDNA.  The  effects  of  JP-8 
are  therefore  independent  of  PARP  or  FADD. 
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Fig.23.  JP-8  induces  activation  of  pro-caspase-3  (left  panel),  or  pro-caspases-7  and  -8  (right  panel)  in  RLE,  but 
not  in  primary  or  immortalized  keratinocytes  A)  NHEK  or  rat  lung  epithelial  cells  (RLE)  as  well  as  immortalized 
keratinocytes  (Imm.  HEK)  or  immortalized  keratinocytes  stably  expressing  FADD  dominant-negative  (FADD- 
DN)  (B)  were  treated  with  indicated  dilutions  of  JP-8  for  24  h.  Extracts  were  derived  and  subjected  to 
immunoblot  analysis  with  antibody  specific  for  caspase-3.  Cell  extracts  of  NHEK  or  Imm.  HEK  treated  with 
indicated  dilutions  of  P-8  for  24  h,  were  also  subjected  to  immunoblot  analysis  using  and  antibodies  specific  for 
caspase-7  or  caspase-8  (right  panel). 
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Fig.24.  .  Bcl-2  and  Bcl-xL  levels  are  reduced  while  Bad  and  Bak  levels  are  induced  in  keratinocytes  exposed  to 
JP-8.  Human  keratinocytes  were  treated  with  the  indicated  dilutions  of  JP-8  for  24  h.  Extracts  were  derived, 
separated  by  SDS-PAGE,  and  transferred  to  nitrocellulose  membranes.  Filters  were  stained  with  Ponceau-S  to 
verify  equal  protein  loading  (right),  then  washed  and  subjected  to  immunoblot  analysis  using  antibody  specific 
for  Bcl-2  (A,  left),  or  Bcl-xL  (B,  left)  or  Bak  (A,  right),  or  Bad  (B,  right). 


As  shown  in  Fig.  24,  exposure  of  keratinocytes  to  the  toxic  higher  levels  of  JP-8  markedly  down-regulates  the 
expression  of  the  pro-survival  members  of  the  Bcl-2  family,  Bcl-2  and  Bc1-xl,  and  upregulates  the  expression  of 
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anti-survival  members  of  this  family,  including  Bad  and  Bak.  Bcl-2  and  Bc1-xl  have  been  shown  to  preserve 
mitochondrial  integrity  and  suppress  cell  death.  In  contrast,  Bak  and  Bad  both  promote  cell  death  by  alteration 
of  the  mitochondrial  membrane  potential,  in  part  by  heterodimerization  with  and  inactivation  of  Bcl-2  and  Bcl- 
xl,  and  either  inducing  necrosis,  or  activating  a  downstream  caspase  program.  High  intrinsic  levels  of  Bcl-2 
and  Bc1-xl  may  prevent  apoptotic  death  of  keratinocytes  at  lower  levels  of  JP-8,  while  perturbation  of  the 
balance  between  pro-  and  anti-apoptotic  Bcl-2  family  members  at  higher  levels  may  ultimately  play  a  role  in 
necrotic  cell  death  in  human  keratinocytes.  Finally,  when  human  keratinocytes  were  grafted  to  form  a  human 
epidermis  on  nude  mice,  treatment  of  these  grafts  with  JP-8  revealed  cytotoxicity  and  altered  histology  in  vivo. 

Simbulan-Rosenthal,  C.  M.,  Velena,  A.,  Veldman,  T.,  Schlegel,  R.,  and  Rosenthal,  D.  S.  HPV  E6/7  immortalization 
sensitizes  human  keratinocytes  to  UVB  by  altering  the  pathway  from  caspase-8  to  caspase-9-dependent  apoptosis.  J. 
Biol.  Chem  277,  24709-24716  (2002). 

In  this  paper,  we  showed  that  primary  human  keratinocytes  undergo  an  apoptotic  response  to  ultraviolet  B 
(UVB)  radiation,  which  is  both  an  initiating  and  promoting  agent  for  skin  cancer.  To  determine  if  these 
responses  are  altered  during  the  course  of  immortalization,  we  examined  markers  of  apoptosis  in  primary 
human  foreskin  keratinocytes  (HFK)  transduced  with  either  a  retroviral  vector  expressing  the  E6  and  E7  genes 
of  HPV  16,  or  with  empty  vector  alone  (LXSN-HFK).  Since  the  HPV  E6  gene  product  inactivates  p53  (Fig.  25, 
left  upper  panel),  E6  presumably  serves  some  of  the  same  functions  as  UV-induced  p53 -inactivating  mutations 
in  skin  carcinogenesis. 

Results:  Whereas  LXSN-HFK,  as  well  as  early  passage  keratinocytes  expressing  HPV  16  E6  and  E7  (p7 
E6/7-HFK)  were  both  moderately  responsive  to  UVB  irradiation,  late  passage  immortalized  keratinocytes  (p27 
E6/7-HFK)  were  exquisitely  sensitive  to  UVB-induced  apoptosis  (Fig.  25).  Following  exposure  to  UVB, 
enhanced  annexin  V-positivity  and  caspase-dependent  intemucleosomal  DNA  fragmentation  were  observed  in 
p27  E6/7-HFK  compared  to  either  LXSN-  or  p7  E6/7-HFK. 


Fig.25.  Immortalization  of  HFK  with  HPV16  E6/E7  results  in  a  UVB  dose-dependent  increase  in  apoptotic 
annexin  V-positive  cells  (left  panel)  and  in  intemucleosomal  DNA  fragmentation  (right  panel)..  LXSN-HFK,  p7 
E6/7-HFK  and  p27  E6/7-HFK  were  prepared,  irradiated  with  the  indicated  doses  of  UVB,  and  16  h  later,  cell 
extracts  were  subjected  to  immunoblot  analysis  using  antibodies  for  p53,  or  E7  (left,  upper  panel),  or  assayed  for 
annexin  V  binding  plus  PI  staining  by  FACS  analysis  (left,  lower  panel).  Cells  were  irradiated  with  the  indicated 
doses  of  UVB  in  the  absence  or  presence  (last  lanes)  of  caspase  3  inhibitor  50  pM  DEVD-CHO,  and  16  h  later, 
DNA  was  extracted  and  assayed  for  intemucleosomal  DNA  fragmentation  by  agarose  gel  electrophoresis  (right 
panel). 
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In  addition,  caspase-3  fluorometric  activity  assays  as  well  as  immunoblot  analysis  with  antibodies  to 
caspase-3  and  PARP  revealed  elevated  caspase-3  activity  and  processing  at  lower  UVB  doses  in  p27  E6/7-HFK, 
compared  with  LXSN-  or  p7  E6/7-HFK  (Fig.  26).  The  caspase  inhibitor  DEVD-CHO  reduced  the  apoptotic 
response  and  increased  survival  of  all  three  HFK  types. 
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Fig.26.  .  Immortalization  of  HFK  with  HPV16  E6/E7  increases  UVB-dependent  caspase-3  activity  (left  panel), 
caspase-3  processing,  and  proteolytic  cleavage  of  PARP  (right  panel).  LXSN-HFK,  p7  E6/7-HFK  and  p27 
E6/7-HFK  were  prepared,  and  cells  were  irradiated  with  the  indicated  doses  of  UVB  and  assayed  for  caspase-3 
activity  16  h  after  UVB  exposure  using  a  quantitative  fluorometric  assay  or  subjected  to  immunoblot  analysis 
with  antibodies  specific  for  the  active  form  (pi  7)  of  caspase-3  (A)  or  PARP  (B). 


Fig.  27.  .  Immortalization  of  HFK  with  HPV16  E6/E7  induces  UVB-dependent  caspase-9  processing,  increases 
caspase-8  processing  at  lower  UVB  doses(left  panel),  and  down-regulation  of  Bcl-2  (right  panel).  LXSN-HFK, 
p7  E6/7-HFK  and  p27  E6/7-HFK  were  irradiated  with  the  indicated  doses  of  UVB  and  16  h  later  cell  extracts 
were  subjected  to  immunoblot  analysis  using  antibodies  specific  for  caspase-9  (A),  caspase-8  (B),  or  for  Bcl-2.. 
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Immunoblot  analysis  revealed  that  caspase-8  was  activated  in  all  three  cell  types,  but  caspase-9  was  only 
activated  in  p27  E6/7-HFK  (Fig.  27).  Cell  cycle  analysis  further  showed  that  only  p27  E6/7-HFK  exhibit  G2/M 
accumulation  that  is  enhanced  by  UVB  treatment.  This  accumulation  was  associated  with  a  rapid  down- 
regulation  of  Bcl-2  in  these  cells.  The  immortalization  process  subsequent  to  the  expression  of  HPV  E6  and  E7 
may  therefore  determine  UVB  sensitivity  by  switching  the  mode  of  apoptosis  from  a  caspase-8  to  a  Bcl-2- 
caspase-9-mediated  pathway  of  apoptosis. 


5.  CELL  CYCLE  AND  DNA  REPLICATION 

Simbulan-Rosenthal,  C.  M.,  Rosenthal,  D.  S.,  Luo,  R.,  and  Smulson,  M.  E.  Poly(ADP-ribose)  polymerase 

upregulates  E2F-1  promoter  activity  and  DNA  pol  a  expression  during  entry  into  S-phase.  Oncogene  18(36)  5015- 

5023  (1999). 

We  previously  investigated  the  effect  of  PARP  depletion  on  the  abundance  of  E2F-1,  a  transcription 
factor  that  positively  regulates  the  transcription  of  several  gene  products  required  for  DNA  replication  and  cell 
growth,  including  DNA  pol  a,  PCNA,  dihydrofolate  reductase,  thymidine  kinase,  c-Myc,  c-Myb,  cyclin  D,  and 
cyclin  E  (DeGregori  et  al.,  1995)  (Slansky  et  al.,  1993)  (Pearson  et  al.,  1991)  (Blake  and  Azizkhan,  1989) 
(Nevins,  1992).  Immunoblot  analysis  of  total  cell  extracts  revealed  that,  whereas  control  cells  exhibited  a 
marked  increase  in  the  expression  of  E2F-1  as  early  as  1  h  after  induction  of  differentiation,  consistent  with  the 
fact  that  the  E2F-1  gene  is  an  early-response  gene  (Johnson  et  al.,  1994),  PARP-depleted  antisense  cells 
contained  negligible  amounts  of  E2F-1  during  the  24  h  exposure  to  inducers  of  differentiation.  The  induction  of 
both  DNA  pol  a  and  PCNA  in  control  cells  occurred  subsequent  to  that  of  E2F-1,  consistent  with  their  being 
encoded  by  late-response  genes  (Pearson  et  al.,  1991).  These  results  indicate  that  PARP  may  regulate  the 
expression  of  DNA  pol  a  and  PCNA  genes  during  early  S-phase  indirectly  by  affecting  the  expression  of  the 
transcriptional  factor,  E2F-1,  which  in  turn  can  regulate  the  transcription  of  both  the  DNA  pol  a  and  PCNA 
genes,  as  well  as  the  E2F-1  gene  itself. 

E2F-1  is  regulated  by  interactions  with  Rb  and  by  cell-cycle  dependent  alterations  in  E2F-1  abundance. 
The  paper  above  further  examines  the  role  of  PARP  in  the  regulation  of  pol  a  and  E2F-1  gene  expression.  We 
utilized  immortalized  mouse  fibroblasts  derived  from  wild-type  and  PARP  knockout  (PARP-/-)  mice  as  well  as 
PARP-/-  cells  stably  transfected  with  PARP  cDNA  [PARP-/-(+PARP)].  After  release  from  serum  deprivation, 
wild-type  and  PARP-/-(+PARP)  cells,  but  not  PARP-/-  cells,  exhibited  a  peak  of  cells  in  S  phase  by  16  h  and 
had  progressed  through  the  cell  cycle  by  22  h.  Whereas  [3H]thymidine  incorporation  remained  negligible  in 
PARP-/-  cells,  in  vivo  DNA  replication  maximized  after  18  in  wild-type  and  PARP-/-(+PARP)  cells.  To 
investigate  the  effect  of  PARP  on  E2F-1  promoter  activity,  a  construct  containing  the  E2F-1  gene  promoter 
fused  to  a  luciferase  reporter  gene  was  transiently  transfected  into  these  cells.  E2F-1  promoter  activity  in 
control  and  PARP-/-(+PARP)  cells  increased  eightfold  after  9  h,  but  not  in  PARP-/-  cells.  PARP-/-  cells  did  not 
show  the  marked  induction  of  E2F-1  expression  during  early  S-phase  apparent  in  control  and  PARP-/-(+PARP) 
cells.  RT-PCR  analysis  and  pol  a  activity  assays  revealed  the  presence  of  pol  a  transcripts  and  a  sixfold 
increase  in  activity  in  both  wild-type  and  PARP -/-(+P  ARP)  cells  after  20  h,  but  not  in  PARP-/-  cells.  These 
results  suggest  that  PARP  plays  a  role  in  the  induction  of  E2F-1  promoter  activity,  which  then  positively 
regulates  both  E2F-1  and  pol  a  expression,  when  quiescent  cells  re-enter  the  cell  cycle  upon  recovery  from 
aphidicolin  exposure  or  removal  of  serum. 
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Relevance  to  Original  Hypothesis 

We  have  shown  conclusively  that  SM  induces  keratinocyte  cell  death  in  large  part  via  apoptosis,  and  that 
this  response  can  be  altered  by  inhibiting  either  the  mitochondrial  (CaM-Bcl-2-caspase)  or  death  receptor  (Fas- 
FADD-caspase)  pathways  via  expression  of  dominant-negative  or  antisense  constructs.  Thus.we  have  tested  the 
2  major  original  hypotheses:  1)  Ca2+,  Calmodulin,  and  the  Fas/TNF  receptor  family  play  essential  roles  in  SM- 
induced  differentiation  and  apoptosis;  and  2)  Targeting  these  pathways  alter  the  cytotoxic  response  of 
keratinocytes  to  SM  in  cell  culture,  and  the  vesication  response  in  vivo.  In  doing  so,  we  have  directly  addressed 
the  tasks  outlined  in  the  Statement  of  Work. 

Recommended  Changes  and  Future  Work 

It  is  recommended  that  future  studies  would  now  utilize  clinically  applicable,  specific  chemical  and  antibody 
inhibitors  of  these  pathways  to  attempt  to  alter  the  exquisite  sensitivity  of  the  skin  to  SM  vesication.  Thus  the 
new  hypothesis  to  be  tested  would  be  that  targeting  CaM-Bcl-2,  Fas/TNF  receptors,  and  caspases  using 
chemical  inhibitors  and  antibodies  will  alter  the  cytotoxic  response  of  keratinocytes  to  SM  in  cell  culture,  and 
the  vesication  response  in  vivo. 


KEY  RESEARCH  ACCOMPLISHMENTS 

•  Discovery  that  SM  induces  keratinocyte  cell  death  in  large  part  via  a  FADD  and  CaM-dependent  apoptosis. 

•  Blocking  apoptotic  cell  death  by  inhibiting  these  pathways  in  cell  culture. 

•  Blocking  vesication  by  inhibiting  these  pathways  in  animal  models 
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CONCLUSIONS 

Sulfur  mustard  (SM)  causes  blisters  in  the  skin  through  a  series  of  cellular  changes  that  we  are 
beginning  to  identify.  We  found  a  major  role  for  Ca2+  and  calmodulin  in  the  induction  of  differentiation  in 
human  keratinocytes  in  response  to  SM.  We  also  obtained  the  unexpected  results  that  SM  induces  markers  of 
apoptosis,  and  that  this  process  also  proceeds  via  a  Ca2+-calmodulin-dependent  pathway.  In  addition,  we  found 
that  SM-induced  apoptosis  was  also  mediated  by  a  FADD-dependent  pathway  which  induces  caspase 
activation.  The  involvement  of  such  varied  molecules  as  Ca2+  ,  calmodulin,  and  FADD  suggests  a  complex 
network  involved  in  SM-induced  differentiation  and  apoptosis.  However,  in  our  progress  to  date,  we  have 
found  that  blocking  any  one  of  these  upstream  signals  can  inhibit  terminal  differentiation  or  apoptosis, 
indicating  that  these  molecular  pathways  are  potential  targets  for  therapeutic  intervention.  An  understanding  of 
the  mechanisms  for  SM  vesication  will  hopefully  lead  to  strategies  for  prevention  or  treatment  of  SM  toxicity. 
These  studies,  which  were  performed  in  fulfillment  of  the  Statement  of  Work,  suggest  that  inhibition  of  Fas  or 
CaM  (upstream),  or  caspase-3  (downstream)  may  protect  the  epidermis  from  SM-induced  apoptosis.  Although 
the  mechanism  for  their  protection  has  not  been  described,  calmodulin  inhibitors  have  already  been  used 
successfully  in  the  treatment  of  both  thermal  bums  and  frostbite  (Beitner  et  al.,  1989;  Beitner  et  al.,  1989),  and 
may  prove  effective  for  SM  as  well,  either  alone,  or  in  combination  with  caspase-3  inhibitors.  We  used 
antisense  oligonucleotide  and  chemical  inhibitors  of  calmodulin  and  have  successfully  attenuated  the  apoptotic 
response  in  cultured  cells,  and  these  inhibitors  can  be  used  in  vivo  as  well. 

Importantly,  our  inhibition  experiments  indicate  that  the  Ca2+-calmodulin  and  FADD  pathways  converge 
upstream  of  caspase-3  processing,  since  inhibitors  of  either  pathway  inhibit  SM-induced  apoptosis. 
Furthermore,  since  calmodulin  inhibitors  have  been  used  clinically,  and  the  FADD  pathway  can  be  manipulated 
at  the  level  of  a  cell  surface  (Fas/TNF),  receptor,  these  two  molecules  represent  attractive  targets  for  the 
modulation  of  the  effects  of  SM  in  humans. 
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APPENDIX 


Reprints-  Attached 

Materials  and  Methods 

(1)  Culture  of  primary  and  immortalized  human  keratinocytes. 

Cells.  Normal  human  epidermal  keratinocytes  (NHEK)  are  obtained  as  primary  cultures 
from  Clonetics  (San  Diego,  CA)  and  maintained  in  serum-free  Keratinocyte  Growth  Medium 
(KGM).  Nco  are  a  kind  gift  from  R.  Schlegel,  and  are  derived  from  NHEK  immortalized  with 
the  Nco  I  fragment  of  HPV  18  containing  the  coding  regions  for  E6  and  E7  (Schlegel  et  al., 
1988).  Ncols  are  grown  in  KGM  +  DMEM  (3:1)  medium  containing  2.5%  FCS.  Cells  are 
grown  to  80%  confluency  and  split  1:5.  NHEKs  or  Ncols  are  grown  in  75  cm2  tissue  culture 
flasks  to  60-80%  confluency,  then  exposed  to  HD  diluted  in  KGM  to  final  concentrations  of  10, 

1 00, 200,  or  300  pM.  Media  is  not  changed  for  the  duration  of  the  experiments 

Plasmids,  and  Transfection,  and  exposure  to  SM — The  FADD-DN  plasmid  construct  in 
pcDNA  3.1  (Invitrogen),  a  generous  gift  from  Dr.  Y.  Dixit,  expresses  a  truncated  FADD  protein, 
which  lacks  the  N-terminal  domain  that  is  responsible  for  recruiting  and  activating  caSpase-8  at 
the  death  receptor  complex.  Nco  cells  were  transfected  with  empty  vector  or  with  FADD-DN 
using  LipofectAMINE  (Invitrogen),  and  stable  clones  were  selected  in  G418  and  maintained  in 
SFM.  Cells  were  grown  to  60—80%  confluency,  and  then  exposed  to  SM  diluted  in  SFM  to  final 
concentrations  of  100,  200,  or  300  uM.  with  or  without  pretreatment  with  Fas-  (clone  ZB-4, 
Upstate  Biotech,  Waltham,  MA)  or  TNFR1  (clone  H398;  Bender  MedSystems,  Vienna,  Austria) 
neutralizing  antibodies.  Media  was  not  changed  for  the  duration  of  the  experiments.  At  different 
time  points  after  SM  exposure,  cells  were  harvested  for  further  analyses. 

Chemicals.  SM  (bis-(2-chloroethyl)  sulfide;  >98%  purity)  is  obtained  from  the  US  Army 
Edgewood  Research,  Development  and  Engineering  Center. 

(2)  Measurement  of  proteolytic  activation  of  caspase-2,  -3,  -6,  -7,  - 8 ,  -9,  and  -19 — 

Since  one  of  the  primary  goals  is  to  determine  the  molecular  ordering  of  events  leading  to  SM- 
induced  apoptosis,  we  have  employed  two  different  assays  for  the  analysis  of  the  time  of  onset  of 
activation  of  each  of  the  caspases.  We  have  extensive  experience  utilizing  Western  analysis  to 
detect  the  activation  of  several  caspases.  We  have  tested  a  number  of  antibodies  from 
commercial  and  collaborative  sources  for  their  sensitivities  and  specificities  using  cells  treated 
with  known  apoptosis-inducing  agents,  such  as  anti-Fas  antibody,  as  controls.  We  presently 
have  excellent  antibodies  specific  for  all  relevant  caspases  (see  antibody  Table).  In  addition,  we 
have  antisera  that  detect  the  substrate  cleavage  products  for  caspases  3  and  7  (several  different 
PARP  antisera:  Dr.  Smulson  has  a  complimentary  grant  from  the  Army  that  focuses  on  the  role 
of  PARP),  as  well  as  for  lamin  Bl,  a  substrate  of  caspase-6.  Thus,  by  performing  time-course 
experiments,  as  well  as  inhibitor  studies  outlined,  we  will  be  able  to  determine  the  sequence  of 
events,  as  well  as  the  regulatory  molecules  (such  as  Bcl-2),  involved  in  SM-induced  apoptosis. 

Fluorogenic  caspase  enzyme  assays.  In  addition  to  Western  analysis  to  detect  caspase 
activation,  we  have  been  employing  fluorogenic  enzyme  cleavage  assays  utilizing  different 
substrates  to  assay  for  specific  caspases.  The  substrates  that  are  utilized  are  as  follows: 

Caspase  Specificity _ Source 

2  ZVDVAD-AFC  Kamiya  (Frankfurt,  Germany) 
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3,7 

AcDEVD-AMC 

Bachem  (Bubendorf,  Switzerland) 

6 

AcVEID-AMC 

California  Peptide  Research  (Napa,  CA) 

8 

AcIETD-AFC 

Kamiya  (see  above) 

4^9 _ 

AcLEHD-AFC 

Kamiva  (see  above) 

These  assays  are  rapid,  sensitive,  and  also  verify  the  results  of  Western  analysis: 

Enzyme  reactions  are  performed  in  96- well  plates  and  contained  20  fig  of  cytosolic 
proteins,  in  100  |il  of  Buffer  A,  diluted  with  100  pi  of  fresh  Buffer  A  containing  40  pM  acetyl- 
Asp-Glu-Val-Asp-aminomethylcoumarin  (DEVD-AMC),  or  other  substrates  (see  Table  above). 
Fluorescent  aminomethyl  coumarin  AMC  product  formation  is  measured  at  excitation  360  nm, 
emission  460  nm  wavelengths  using  a  Cytofluor  II  fluorometer  plate  reader  (PerSeptive 
Biosystems,  Framingham,  MA).  Serial  dilutions  of  AMC  (Aldrich,  Milwaukee,  WI)  are  used  as 
standards. 

Immunoblot  analysis.  SDS-polyacrylamide  gel  electrophoresis  and  protein  transfer  to 
nitrocellulose  membranes  are  performed  according  to  standard  procedures.  Membranes  are 
stained  with  Ponceau  S  (0.1%)  to  confirm  equal  loading  and  transfer.  After  blocking  of 
nonspecific  sites,  the  blots  are  incubated  with  monoclonal  or  polyclonal  antibodies  (above)  and 
then  detected  with  appropriate  peroxidase-labeled  secondary  antibodies  (1:3000  dilution)  and 
enhanced  chemiluminescence  (ECL,  Amersham).  Immunoblots  are  sequentially  stripped  by 
incubation  for  30  min  at  50  °C  with  a  solution  containing  100  mM  2-mercaptoethanol,  2%  SDS, 
and  62.5  mM  Tris-HCl  (pH  6.7),  blocked  again,  and  reprobed  with  additional  antibodies  to 
accurately  compare  different  proteins  from  the  same  filter. 
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Antibodies.  All  antibodies  indicated  below  have  already  been  tested  and  used 
successfully  in  our  laboratory. 


Antibody  fkDa) 

type  (clone) 

Source 

Dilution  (cone.) 

Calmodulin  (17) 

monoclonal  (6D4) 

Sigma  (St.  Louis,  MO) 

1:1000 

K1  (67) 

polyclonal 

Babco  (Richmond,  CA) 

1:50 

Kl;  K10  (67;  59) 

monoclonal  (8.60) 

Sigma  (see  above) 

1:100(1  pg/ml) 

K14  (50) 

monoclonal 

Sigma  (see  above) 

1:200 

Involucrin  (68) 

monoclonal  (SY 5) 

Sigma  (see  above) 

1:200 

Fibronectin  (220;  94) 

polyclonal 

Sigma  (see  above)  1 :500 

Fas  (48) 

monoclonal 

Transduction  Labs  (Lexington,  KY) 

1:250  (1  pg/ml) 

Fas  ligand 

polyclonal 

Santa  Cruz  Biotech(Santa  Cruz,  CA) 

1:400  (0.5  pg/ml) 

FADD  (24) 

monoclonal  (1) 

Transduction  Labs  (see  above) 

1:250 

AU1 

monoclonal  (AU1) 

Babco  (see  above) 

1:1000  (1  pg/ml) 

Caspase-3  (32;  17) 

polyclonal 

Dr.  D.  Nicholson(Merck  Labs,  Can) 

1:5000 

Caspase-3  (propeptide)  polyclonal 

Transduction  Labs  (see  above) 

1:500 

Caspase-6  (34;  1 1) 

monoclonal(B93-4) 

PharMingen  (San  Diego,  CA) 

1 :250  (2  pg/ml) 

Caspase-7  (35;  17) 

monoclonal 

PhaMingen  (see  above) 

1:500(1  pg/ml) 

Caspase-7  (17) 

polyclonal 

Dr.  E.  Gelmann(Georgetown  Univ.) 

1:1000 

Caspase-8  (20) 

polyclonal 

Dr.  E.  Gelmann  (see  above) 

1:1000 

Caspase-8  (55) 

monoclonal 

PharMingen  (see  above) 

1:100  (1  pg/ml) 

Caspase-9 

monoclonal 

PharMingen  (see  above) 

1:400 

Caspase  10  (55) 

polyclonal 

PharMingen  (see  above) 

1:500(1  pg/ml) 

PARP  (116,  89) 

monoclonal  (c210) 

BioMol  (Plymouth  Meeting,  PA) 

1:5000 

PARP  DBD  (24) 

polyclonal 

Dr.  I.  Hussein  (Res.  Triangle,  NC) 

1:400 

PAR 

polyclonal 

Dr.  M.  Smulson;D.  Rosenthal  (GU) 

1:500 

Lamin  B1 

monoclonal 

Calbiochem  (La  Jolla,  CA) 

1:100  (1  pg/ml) 

Rb  (110) 

monoclonal 

Calbiochem  (see  above) 

1:100(1  pg/ml) 

DFF45  (45;  30) 

polyclonal 

PharMingen  (see  above) 

1:1000 

p53  (53) 

monoclonal(ab42 1 ) 

Calbiochem  (see  above) 

1 :200  (0.5  pg/ml) 

Bcl-2  (25) 

monoclonal  (4D-7) 

Biomol  (see  above) 

1:200(1  pg/ml) 

Bc1-Xl 

polyclonal 

Calbiochem  (see  above) 

1:40  (2.5  pg/ml) 

Bax  (21) 

polyclonal 

Calbiochem  (see  above) 

1:50(2  pg/ml) 

Apop.  endonuclease  polyclonal 

Dr.  Yoshihara(Nara  Med.  U,  Japan) 

1:1000 

(3)  Hoechst  and  propidium  iodide  staining  for  apoptotic  morphology —  Observation  of  changes  in 

nuclear  morphology  (development  of  apoptotic  nuclear  morphology:  chromatin  condensation, 
nuclear  fragmentation).  Keratinocytes  are  isolated  by  exposure  to  trypsin  followed  by 
resuspension  in  serum-containing  media.  The  cells  are  centrifuged  (800g  for  5  min),  washed 
with  PBS,  and  fixed  in  10%  formalin  for  10  min  at  4°C.  After  washing  twice  with  phosphate- 
buffered  saline  (PBS),  the  cells  are  stained  either  with  Hoechst  33258  (24  pg/ml)  in  PBS 
containing  80%  (v/v)  glycerol,  or  with  propidium  iodide  (according  to  manufacturers 
specifications)  in  PBS.  An  aliquot  (25  pi)  of  the  cell  suspension  is  then  dropped  onto  a  slide, 
and  nuclear  morphology  is  observed  with  an  Olympus  BH2  fluorescence  microscope. 

(4)  DNA  extraction  for  detection  of  apoptotic  internucleosomal  DNA  fragmentation—  Cells  are 

washed  in  PBS  and  lysed  in  7  M  guanidine  hydrochloride,  and  total  genomic  DNA  is  extracted 
and  purified  using  a  Wizard  Miniprep  DNA  Purification  Resin  (Promega).  After  RNase  A 
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treatment  (20  pg/ml)  of  the  DNA  samples  for  30  min,  apoptotic  internucleosomal  DNA 
fragmentation  is  detected  by  gel  electrophoresis  on  a  1%  agarose  gel  and  ethidium  bromide 
staining  (0.5  pg/ml).  Using  this  protocol  we  have  repeatedly  detected  DNA  ladders  in 
keratinocytes  treated  with  SM. 

(5)  Annexin  V-binding  and  FACS  analysis —  Keratinocytes  are  harvested  by  exposure  to  tiypsin 
and  centrifugation,  washed  with  ice-cold  PBS,  and  stained  for  15  min  in  the  dark  at  room 
temperature  with  propidium  iodide  and  fluorescein  isothiocyanate-labeled  annexin- V  (both, 
according  to  the  manufacturer’s  specifications)  (Trevigen)  in  a  solution  containing  1  OX  binding 
buffer  and  water.  The  cells  are  then  examined  with  a  fluorescence  microscope,  or  subjected  to 
FACS  analysis,  utilizing  a  FACStar  flow  cytometer. 

(6)  LDH  assays —  Levels  of  cell  toxicity  are  assessed  by  measuring  the  release  of  the  cytosolic 
enzyme  lactate  dehydrogenase  into  the  medium  with  the  use  of  a  Cytotox  96  kit  (Promega). 

(7)  Grafting  Protocols  and  Exposure  of  Human  Skin  Grafts  to  SM— A  1  -cm  diameter  piece  of  skin 
was  removed  from  the  dorsal  surface  of  athymic  mice,  and  a  pellet  of  cells  containing  8x10 
fibroblasts  plus  5  x  106  keratinocytes  (NHEK  or  Nco)  was  pipetted  on  top  of  the  muscular  layer 
within  a  silicon  dome  to  protect  the  cells  during  epithelization  (Fig.  10zl).  The  dome  was 
removed  after  a  week  and  the  graft  was  allowed  to  develop  for  6-8  weeks.  SM  exposure  was 
performed  by  placing  a  small  amount  of  SM  liquid  into  an  absorbent  filter  at  the  bottom  of  a 
vapor  cup,  which  was  then  inverted  onto  the  dorsal  surface  of  the  animal,  to  expose  the  graft  site 
to  the  SM  vapor.  Frozen  and  fixed  sections  were  derived  from  punch  biopsies  taken  from  the 
graft  site,  and  analyzed  for  the  expression  of  FADD-DN  using  the  AU1  antibody,  which 
recognizes  the  specific  AU1  epitope  tag  on  the  FADD-DN  protein.  Histological  analysis  of  the 
SM-exposed  human  skin  grafts  transplanted  onto  nude  mice  was  also  performed  utilizing  an  end 
point  of  micro-  or  macroblisters  or  SM-induced  microvesication. 


(8)  Assays  for  in  Vivo  Markers  of  Apoptosis  on  Human  Skin  Grafts —  Paraffin-embedded  sections 

derived  from  SM-exposed  human  skin  grafts  were  subjected  to  analysis  for  markers  of  in  vivo 
apoptosis,  including  indirect  immunofluorescence  microscopy  with  antibodies  to  the  active  form 
of  caspase-3  (Cell  Signaling  Technology,  Beverly,  MA).  Sections  were  deparaffinized,  incubated 
overnight  in  a  humid  chamber  at  room  temperature  with  antibodies  to  active  caspase-3  (1.250 
dilution)  in  PBS  containing  12%  bovine  serum  albumin.  After  a  PBS  wash,  slides  were  incubated 
for  1  h  with  biotinylated  anti-mouse  IgG  (1 :400  dilution  in  PBS/bovine  serum  albumin),  washed, 
and  incubated  for  30  min  with  streptavidin-conjugated  Texas  Red  (1:800  dilution  in  PBS/bovine 
serum  albumin).  Cells  were  finally  mounted  with  PBS  containing  80%  glycerol  and  observed 
with  a  Zeiss  fluorescence  microscope.  DNA  breaks  characteristic  of  the  late  stage  of  apoptosis 
were  detected  in  situ  using  a  Klenow  fragment-based  assay  system  (Derma-  T ACS;  Trevigen). 
For  fixation,  slides  were  equilibrated  to  room  temperature  and  redried  for  2  h  on  a  slide  warmer 
at  45  °C,  rehydrated  in  100,  95,  then  70%  ethanol,  washed  in  PBS,  fixed  in  3.7%  buffered 
formaldehyde  for  10  min  at  room  temperature,  and  washed  in  PBS.  Slides  were  then  incubated 
with  50  ml  of  Cytonin  for  30  min  at  room  temperature,  washed  twice  in  deionized  water,  and 
immersed  in  quenching  solution  containing  90%  methanol  and  3%  H2O2  for  5  min  at  room 
temperature.  After  a  PBS  wash,  slides  were  incubated  in  terminal  deoxynucleotidyltransferase 
labeling  buffer  for  5  min  at  room  temperature,  and  visualized  under  a  bright  field  microscope. 
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DNA  damaging  agents  up-regulate  levels  of  the  Fas 
receptor  or  its  ligand,  resulting  in  recruitment  of  Fas- 
associated  death  domain  (FADD)  and  autocatalytic  acti¬ 
vation  of  caspase-8,  consequently  activating  the  execu¬ 
tioner  caspases-3,  -6,  and  -7.  We  found  that  human 
epidermal  keratinocytes  exposed  to  a  vesicating  dose 
(300  /am)  of  sulfur  mustard  (SM)  exhibit  a  dose-depend¬ 
ent  increase  in  the  levels  of  Fas  receptor  and  Fas  ligand. 
Immunoblot  analysis  revealed  that  the  upstream 
caspases-8  and  -9  are  both  activated  in  a  time-dependent 
fashion,  and  caspase-8  is  cleaved  prior  to  caspase-9. 
These  results  are  consistent  with  the  activation  of  both 
death  receptor  (caspase-8)  and  mitochondrial  (caspase-9) 
pathways  by  SM.  Pretreatment  of  keratinocytes  with  a  pep¬ 
tide  inhibitor  of  caspase-3  (Ac-DEVD-CHO)  suppressed  SM- 
induced  downstream  markers  of  apoptosis.  To  further  an¬ 
alyze  the  importance  of  the  death  receptor  pathway  in  SM 
toxicity,  we  utilized  Fas-  or  tumor  necrosis  factor  receptor¬ 
neutralizing  antibodies  or  constructs  expressing  a  domi¬ 
nant-negative  FADD  (FADD-DN)  to  inhibit  the  recruitment 
of  FADD  to  the  death  receptor  complex  and  block  the  Fas/ 
tumor  necrosis  factor  receptor  pathway  following  SM  ex¬ 
posure.  Keratinocytes  pretreated  with  Fas-blocking  anti¬ 
body  or  stably  expressing  FADD-DN  and  exhibiting 
reduced  levels  of  FADD  signaling  demonstrated  markedly 
decreased  caspase-3  activity  when  treated  with  SM,  In  ad¬ 
dition,  the  processing  of  procaspases-3,  -7,  and  -8  into  their 
active  forms  was  observed  in  SM-treated  control  keratino¬ 
cytes,  but  not  in  FADD-DN  cells.  Blocking  the  death  recep¬ 
tor  complex  by  expression  of  FADD-DN  additionally  inhib¬ 
ited  SM-induced  intemucleosomal  DNA  cleavage  and 
caspase-6-mediated  nuclear  lamin  cleavage.  Significantly, 
we  further  found  that  altering  the  death  receptor  pathway 
by  expressing  FADD-DN  in  human  skin  grafted  onto  nude 
mice  reduces  vesication  and  tissue  injury  in  response  to 
SM.  These  results  indicate  that  the  death  receptor  pathway 
plays  a  pivotal  role  in  SM-induced  apoptosis  and  is  there¬ 
fore  a  target  for  therapeutic  intervention  to  reduce  SM 
injury. 
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Sulfur  mustard  (bis-(2-chloroethyl)  sulfide;  SM),1  the  vesi¬ 
cant  agent  used  as  recently  as  1988/1989  in  the  Iraq/Iran 
conflict  and  implied  to  have  been  used  in  the  Gulf  War,  induces 
vesication  in  human  skin  by  its  ability  to  cause  cytotoxic,  geno- 
toxic,  or  a  combination  of  both  effects  in  the  skin.  SM  is  a  highly 
reactive  compound  that  induces  the  death  and  detachment  of 
the  basal  cells  of  the  epidermis  from  the  basal  lamina  (1-6). 
SM  causes  blisters  in  the  skin  via  poorly  understood  mecha¬ 
nisms.  In  an  effort  to  help  develop  medical  countermeasures  for 
potential  exposure  of  military  personnel  and  civilians,  we  have 
been  attempting  to  define  the  molecular  series  of  events  lead¬ 
ing  to  SM  toxicity  in  cell  culture,  in  transgenic  animal  models, 
and  in  grafted  human  epidermis. 

Whereas  human  dermal  fibroblasts  may  contribute  to  the 
vesication  response  by  releasing  degradative  cytosolic  compo¬ 
nents  extracellularly  after  a  poly(ADP-ribose)  polymerase 
(PARP)-dependent  SM-induced  necrosis  (7),  keratinocytes  dis¬ 
play  markers  of  an  apoptotic  death,  as  well  as  those  of  terminal 
differentiation  (8).  SM-induced  apoptosis  in  keratinocytes  ap¬ 
pears  to  be  controlled  by  both  death  receptor  and  mitochondrial 
pathways  (9).  The  targets  of  these  apoptotic  pathways  are  a 
family  of  aspartate-specific  cysteine  proteases  or  caspases  (10). 
Caspase-3  appears  to  be  a  converging  point  for  different  apo¬ 
ptotic  pathways  (11).  In  most  apoptotic  systems,  caspase-3  is 
proteolytically  activated,  and  in  turn  cleaves  key  proteins  in¬ 
volved  in  the  structure  and  integrity  of  the  cell,  including 
PARP  (11-14). 

In  the  present  study,  we  demonstrate  that  SM  induces  both 
Fas  and  its  ligand  (FasL)  in  primary  human  epidermal  kerati¬ 
nocytes.  We  also  observed  the  activation  of  markers  of  apopto¬ 
sis  that  are  consistent  with  a  Fas-FasL-receptor  interaction, 
including  cleavage  of  caspase-8,  caspase-3,  and  PARP.  Utiliz¬ 
ing  a  combination  of  techniques  including  the  stable  expression 
of  a  dominant-negative  inhibitor  of  Fas-associated  death  do¬ 
main  protein  (FADD),  we  demonstrate  a  role  for  the  Fas/TNF 
receptor  family  in  mediating  the  response  of  human  keratino¬ 
cytes  to  SM.  Stable  expression  of  FADD-DN  blocks  SM-induced 
markers  of  keratinocyte  apoptosis,  such  as  caspase-3  activity 
and  proteolytic  processing  of  procaspases-3,  -7,  and  -8,  inter- 
nucleosomal  DNA  cleavage,  and  caspase-6-mediated  nuclear 
lamin  cleavage. 

1  The  abbreviations  used  are:  SM,  sulfur  mustard;  NHEK,  normal 
human  epidermal  keratinocytes;  FADD,  Fas-associated  death  domain; 
DN,  dominant-negative;  PARP,  poly(ADP-ribose)  polymerase;  FasL, 
Fas’  ligand;  TNF,  tumor  necrosis  factor;  TNFR,  tumor  necrosis  factor 
receptor;  SFM,  serum-free  medium;  CHAPS,  3-[(3-cholamidopropyl)- 
dimethylammonio]-l-propanesulfonic  acid;  AMC,  aminomethylcouma- 
rin;  DFF,  DNA  fragmentation  factor;  FACS,  fluorescence-activated  cell 
sorter;  PBS,  phosphate-buffered  saline. 
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FADD-DN  Blocks  SM-induced  Apoptosis  and  Vesication 


We  have  shown  earlier  that  NHEK  as  well  as  an  immortal¬ 
ized  line,  Nco,  could  be  used  to  establish  a  histologically  and 
immunocytochemically  normal  epidermis  when  grafted  onto 
nude  mice  (8,  9,  15).  The  present  study  demonstrates  that 
markers  of  apoptosis  are  induced  in  basal  cells  of  SM-exposed 
grafts,  particularly  in  regions  where  microvesicles  are  formed. 
We  have  now  also  utilized  the  graft  system  to  genetically  en¬ 
gineer  human  keratinocytes  prior  to  grafting  to  ectopically 
express  a  dominant-negative  FADD  and  generate  a  human 
epidermis  containing  FADD-DN  keratinocytes.  These  human 
grafts  were  exposed  to  SM,  and  showed  a  reduced  vesication 
response  compared  with  control  keratinocyte.  Topical  SM  ex¬ 
posure  of  Fas-deficient  mice  in  the  current  study  also  indicates 
the  viability  of  this  strategy  to  suppress  vesication  by  using 
inhibitors  of  the  death  receptor  pathway. 

An  understanding  of  the  mechanisms  for  SM  vesication  will 
hopefully  lead  to  therapeutic  strategies  for  prevention  or  treat¬ 
ment  of  SM  toxicity.  Importantly,  our  experiments  indicate 
that  the  Fas/FADD  pathway  is  required  for  caspase-3  process¬ 
ing,  because  inhibitors  of  this  pathway  block  SM-induced 
apoptosis.  Because  the  FADD  pathway  can  be  manipulated  at 
the  level  of  a  cell  surface  (Fas),  receptor,  Fas/FADD  as  well  as 
the  caspases  represent  attractive  targets  for  the  modulation 
of  the  effects  of  SM.  Inhibition  of  the  Fas/FADD  pathway  by 
specific  pharmacological  inhibitors  such  as  neutralizing  anti¬ 
bodies  to  Fas  or  peptide  inhibitors  of  caspases  may  therefore  be 
of  therapeutic  value  in  the  treatment  of  or  prophylaxis  against 
SM  injury  in  humans. 

MATERIALS  AND  METHODS 

Cells,  Plasmids,  and  Transfection — Primary  human  keratinocytes 
were  derived  from  neonatal  foreskins  and  grown  in  keratinocyte  serum- 
free  medium  (SFM)  supplemented  with  human  recombinant  epidermal 
growth  factor  and  bovine  pituitary  extract  (Invitrogen).  Primary  kera¬ 
tinocytes  were  immortalized  by  transduction  with  the  HPV16  E6/E7 
genes  (16)  to  generate  the  Nco  cell  line  as  described  previously  (17).  The 
FADD-DN  plasmid  construct  in  pcDNA  3.1  (Invitrogen),  a  generous  gift 
from  Dr.  V.  Dixit,  expresses  a  truncated  FADD  protein,  which  lacks  the 
N-terminal  domain  that  is  responsible  for  recruiting  and  activating 
caspase-8  at  the  death  receptor  complex  (Fig.  5A).  Nco  cells  were  trans¬ 
fected  with  empty  vector  or  with  FADD-DN  using  LipofectAMINE 
(Invitrogen),  and  stable  clones  were  selected  in  G418  and  maintained  in 
SFM.  Cells  were  grown  to  60-807?  confluency,  and  then  exposed  to  SM 
diluted  in  SFM  to  final  concentrations  of  100,  200,  or  300  /am,  with  or 
without  pretreatment  with  Fas-  (clone  ZB-4;  Upstate  Biotech,  Wal¬ 
tham,  MA)  or  TNFR1-  (clone  H398;  Bender  MedSystems,  Vienna,  Aus¬ 
tria  (18))  neutralizing  antibodies.  Media  was  not  changed  for  the  dura¬ 
tion  of  the  experiments.  At  different  time  points  after  SM  exposure 
cells  were  harvested  for  further  analyses. 

Chemicals— SM  (bis-(2-ch!oroethyl)  sulfide;  >987?  purity)  was  ob¬ 
tained  from  the  United  States  Army  Edgewood  Research,  Development 
and  Engineering  Center. 

Fluorometric  Assay  of  Caspase-3  Activity — Cells  were  resuspended  in 
lysis  buffer  containing  50  mM  Tris-HCI  (pH  7.5),  150  mM  NaCI,  1  mM 
EGTA,  0.257?  sodium  deoxycholate,  0.57*  Nonidet  P-40,  10  /Ag/m’l  apro- 
tinin,  20  pg/ml  leupeptin,  10  pg/m]  pepstatin  A,  and  1  mM  phenylmcth- 
ylsulfonyl  fluoride,  incubated  for  10  min  on  ice,  and  freeze-thawed  3 
times.  The  cell  lysate  was  centrifuged  at  14,000  X  g  for  5  min,  and  the 
protein  concentration  of  the  cytosolic  extract  was  determined  with  the 
Bio-Rad  DC  protein  assay  kit.  For  the  fluorometric  caspase-3  activity 
assay,  25  /xg  of  cytosolic  extract  was  initially  diluted  to  a  volume  of  50 
/a!  with  Nonidet  P-40  lysis  buffer,  to  which  50  /a!  of  caspase  assay  buffer 
(10  mM  HEPES  (pH  7.4),  2  mM  EDTA,  0.17*  CHAPS,  5  mM  dithiothre- 
itol)  was  added.  The  aliquots  were  then  mixed  with  equal  amounts  (100 
/a!)  of  40  /am  fluorescent  tetrapeptide  substrate  specific  for  caspase-3 
(Ac-DEVD-AMC;  BACHEM)  in  caspase  assay  buffer  and  transferred  to 
96 -well  plates.  Free  aminomethyicoumarin  (AMC),  generated  as  a  re¬ 
sult  of  cleavage  of  the  aspartate-AMC  bond,  was  monitored  continu¬ 
ously  over  10  min  with  a  Cytofluor  4000  fluorometer  (PerSeptive  Bio¬ 
systems,  Framingham,  MA)  at  excitation  and  emission  wavelengths  of 
360  and  460  nm,  respectively.  The  emission  from  each  well  was  plotted 
against  time,  and  linear  regression  analysis  of  the  initial  velocity  (slope) 
for  each  curve  yielded  the  activity. 


Immu noblot  Analysis — SDS-PAGE  and  transfer  of  separated  pro¬ 
teins  to  nitrocellulose  membranes  were  performed  according  to  stand¬ 
ard  procedures.  Proteins  were  measured  (DCA  protein  assay;  Bio-Rad) 
and  normalized  prior  to  gel  loading,  and  all  filters  were  stained  with 
Ponceau  S,  to  reduce  the  possibility  of  loading  artifacts.  They  were  then 
incubated  with  antibodies  to  the  pl7  subunit  of  caspase-3  (1:200-  Santa 
Cruz  Biotechnology),  caspase-7  (1:1000;  BD  Pharmingen),  caspase-8 
(1:1000;  BD  Pharmingen),  caspase-9  (1:1000;  Trevigen),  or  caspase-10 
(1:1000;  Trevigen),  lamin  A  (1:100;  Santa  Cruz  Biotechnology),  DNA 
fragmentation  factor  (DFF)  45  (1:500;  BD  Pharmingen),  or  PARP  (1: 
1000;  BD  Pharmingen).  Immune  complexes  were  detected  by  subse¬ 
quent  incubation  with  appropriate  horseradish  peroxidase-conjugated 
antibodies  to  mouse  or  rabbit  IgG  (1:3000)  and  enhanced  chemilumi¬ 
nescence  (Pierce).  Immunoblots  were  sequentially  stripped  of  antibod¬ 
ies  by  incubation  for  30  min  at  50  °C  with  a  solution  containing  100  mM 
2-mercaptoethanol,  27*  SDS,  and  62.5  mM  Tris-HCI  (pH  6.7),  blocked 
again,  and  reprobed  with  additional  antibodies  to  accurately  compare 
different  proteins  from  the  same  filter.  Typically,  a  filter  could  be 
reprobed  three  times  before  there  was  detectable  loss  of  protein  from 
the  membrane,  which  was  monitored  by  Ponceau  S  staining  after 
stripping. 

Analysis  of  DNA  Fragmentation— Cells  were  harvested  and  lysed  in 
0.5  ml  of  7  m  guanidine  hydrochloride,  and  total  genomic  DNA  was 
extracted  and  purified  using  a  Wizard  Miniprep  DNA  Purification 
Resin  (Promega).  After  RNase  A  treatment  (20  /Ag/ml)  of  the  DNA 
samples  for  30  min,  apoptotic  internucleosomal  DNA  fragmentation 
was  detected  by  gel  electrophoresis  on  a  1.57*  agarose  gel  at  4  V/cm. 
DNA  ladders  were  visualized  by  staining  with  ethidium  bromide  (0.5 
/Ag/ml)  and  images  were  captured  with  the  Kodak  EDAS  120  (Kodak) 
gel  documentation  system. 

Anncxin  V  and  Propidium  Iodide  Staining,  and  FACS  Analysis— 
Cells  were  plated  in  culture  plates  and  exposed  to  various  concentra¬ 
tions  of  SM.  16  h  after  induction  of  apoptosis,  the  cells  were  trypsinized, 
washed  with  ice-cold  phosphate-buffered  saline  (PBS),  and  subse¬ 
quently  resuspended  in  and  incubated  in  the  dark  with  100  /a!  of 
annexin  V  incubation  reagent  that  includes  fluorescein  isothiocyanate- 
conjugated  annexin  V  (Trevigen,  Gaithersburg,  MD)  and  propidium 
iodide  for  15  min  at  room  temperature.  Flow  cytometric  analyses  were 
conducted  on  a  BD  Biosciences  FACStar  Plus  cytometer  using  a  100- 
milliwatt  air-cooled  argon  laser  at  488  nm. 

Grafting  Protocols  and  Exposure  of  Human  Skin  Grafts  to  SM— A 
1-cm  diameter  piece  of  skin  was  removed  from  the  dorsal  surface  of 
athymic  mice,  and  a  pellet  of  cells  containing  8  X  106  fibroblasts  +  5  X 
10r>  keratinocytes  (NHEK  or  Nco)  was  pipetted  on  top  of  the  muscular 
layer  within  a  silicon  dome  to  protect  the  cells  during  epithelization 
(Fig.  10A).  The  dome  was  removed  after  a  week  and  the  graft  was 
allowed  to  develop  for  6-8  weeks.  SM  exposure  was  performed  by 
placing  a  small  amount  of  SM  liquid  into  an  absorbent  filter  at  the 
bottom  of  a  vapor  cup,  which  v^as  then  inverted  onto  the  dorsal  surface 
of  the  animal,  to  expose  the  graft  site  to  the  SM  vapor.  Frozen  and  fixed 
sections  were  derived  from  punch  biopsies  taken  from  the  graft  site,  and 
analyzed  for  the  expression  of  FADD-DN  using  the  AU1  antibody, 
which  recognizes  the  specific  AU1  epitope  tag  on  the  FADD-DN  protein’ 
Histological  analysis  of  the  SM-exposed  human  skin  grafts  trans¬ 
planted  onto  nude  mice  was  also  performed  utilizing  an  end  point  of 
micro-  or  macroblisters  or  SM-induced  microvesication. 

Assays  for  in  Vivo  Markers  of  Apoptosis  on  Human  Skin  Grafts — 
Paraffin-embedded  sections  derived  from  SM-exposed  human  skin 
grafts  were  subjected  to  analysis  for  markers  of  in  vivo  apoptosis, 
including  indirect  immunofluorescence  microscopy  with  antibodies  to 
the  active  form  of  caspase-3  (Cell  Signaling  Technology,  Beverly,  MA). 
Sections  were  deparaffinized,  incubated  overnight  in  a  humid  chamber 
at  room  temperature  with  antibodies  to  active  caspase-3  (1:250  dilution) 
in  PBS  containing  127*  bovine  serum  albumin.  After  a  PBS  wash,  slides 
were  incubated  for  1  h  with  biotinylated  anti-mouse  IgG  (1:400  dilution 
in  PBS/bovine  serum  albumin),  washed,  and  incubated  for  30  min  with 
streptavidin-conjugated  Texas  Red  (1:800  dilution  in  PBS/bovine  serum 
albumin).  Cells  were  finally  mounted  with  PBS  containing  807*  glycerol 
and  observed  with  a  Zeiss  fluorescence  microscope. 

DNA  breaks  characteristic  of  the  late  stage  of  apoptosis  were  de¬ 
tected  in  situ  using  a  Klenow  fragment-based  assay  system  (Derma- 
TACS;  Trevigen),  For  fixation,  slides  were  equilibrated  to  room  temper¬ 
ature  and  redried  for  2  h  on  a  slide  warmer  at  45  °C,  rehvdrated  in  100, 
95,  then  707*  ethanol,  washed  in  PBS,  fixed  in  3.77*  buffered  formalde¬ 
hyde  for  10  min  at  room  temperature,  and  washed  in  PBS.  Slides  were 
then  incubated  with  50  /xl  of  Cytonin  for  30  min  at  room  temperature, 
washed  twice  in  deionized  water,  and  immersed  in  quenching  solution 
containing  907*  methanol  and  37*  H202  for  5  min  at  room  temperature. 
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After  a  PBS  wash,  slides  were  incubated  in  terminal  deoxynucleotidyl- 
transferase  labeling  buffer  for  5  min  at  room  temperature,  and  visual¬ 
ized  under  a  bright  field  microscope. 

RESULTS 

Characterization  of  the  Sequence  of  Events  during  SM-in- 
duced  Apoptosis— We  determined  the  sequence  of  events  in¬ 
volved  in  SM-induced  apoptosis  by  performing  dose-response 
and  time  course  experiments.  Fas,  a  cell-surface  receptor  found 
in  most  cell  types  including  keratinocytes,  mediates  some 
forms  of  apoptosis.  Upon  activation  by  its  specific  ligand 
(FasL),  or  by  agonist  antibody,  Fas  forms  a  homotrimeric  com¬ 
plex,  which  in  turn  recruits  the  FADD  to  the  membrane-bound 
complex.  In  turn,  one  or  more  of  the  upstream  caspases 
(caspase-8  or  -10)  localize  to  the  Fas-FADD  complex,  and  be¬ 
come  auto  cat  alytically  activated.  We  first  determined  whether 
SM  induces  expression  of  the  Fas  receptor  or  its  ligand  because 
enhanced  expression  of  Fas  or  FasL  has  been  shown  to  occur  in 
cells  exposed  to  DNA  damaging  agents,  leading  to  activation  of 
upstream  caspase-8  and  downstream  apoptotic  events  such  as 
caspase-3-mediated  PARP  cleavage  (19,  20).  Immunoblot  anal¬ 
ysis  of  extracts  derived  from  keratinocytes  exposed  to  different 
doses  of  SM  revealed  a  dose-dependent  increase  in  the  levels  of 
both  Fas  receptor  and  FasL  in  response  to  SM  (Fig.  LA). 

By  immunoblot  analysis  using  antibodies  that  recognize  both 
the  full-length  (116  kDa)  and  89-kDa  cleavage  products  of 
PARP,  we  also  demonstrated  that  SM-induced  apoptosis  is 
accompanied  by  complete  cleavage  of  PARP  into  89-  and  24- 
kDa  fragments  that  contain  the  active  site  and  the  DNA-bind- 
ing  domain  of  the  enzyme,  similar  to  the  caspase-3-mediated 
cleavage  of  PARP  induced  by  exposure  to  anti-Fas  (Fig.  1C). 

The  central  signaling  proteins  for  many  of  the  pathways  that 
coordinate  apoptosis  are  the  caspases,  cysteine  proteases 
named  for  their  preference  for  aspartate  at  their  substrate 
cleavage  site  (10),  which  cleave  key  proteins  involved  in  the 
structure  and  integrity  of  the  cell.  We  previously  focused  on 
caspase-3  activation  in  the  SM  apoptotic  response  (8,  9),  be¬ 
cause  caspase-3  has  been  shown  to  be  a  converging  point  for 
different  apoptotic  pathways  (11).  In  a  number  of  apoptotic 
systems,  caspase-3  cleaves  key  proteins  involved  in  the  struc¬ 
ture  and  integrity  of  the  cell.  To  further  understand  the  apo¬ 
ptotic  response  of  keratinocytes  following  SM  exposure,  we 
assayed  for  the  activation  of  other  key  caspases,  in  particular 
the  upstream  caspases-8,  -9,  and  -10,  and  the  executioner 
caspases-3,  -6,  and  -7.  When  the  blot  in  Fig.  L4  was  stripped  of 
antibodies  and  reprobed  with  anti-caspase-8,  SM-induced  pro¬ 
teolytic  processing  of  caspase-8  was  noted  in  cells  exposed  to 
vesicating  doses  of  SM  (200  and  300  /am;  Fig.  LB). 

The  sequence  of  caspase  activation  provides  insight  into  the 
mechanism  of  apoptosis  because  caspase-8  is  first  activated 
following  engagement  of  death  receptors,  whereas  caspase-9  is 
activated  via  a  mitochondrial  pathway.  We  therefore  investi¬ 
gated  the  molecular  ordering  of  caspase  activation  in  response 
to  SM.  NHEK  were  exposed  to  300  /am  SM  for  various  times, 
and  cell  extracts  were  derived  and  subjected  to  immunoblot 
analysis  utilizing  antibodies  specific  to  caspases-3,  -7,  -8,  -9,  or 
-10.  Upstream  caspases-8  and  -9  were  both  activated  in  a 
time-dependent  fashion,  with  caspase-8  cleaved  prior  to 
caspase-9  (1  versus  4  h)  (Fig.  2).  Because  activation  of  caspase-8 
correlates  with  a  Fas-mediated  pathway  of  apoptosis  and  acti¬ 
vation  of  caspase-9  is  consistent  with  a  mitochondrial  pathway, 
these  results  are  in  agreement  with  the  activation  of  both  death 
receptor  and  mitochondrial  pathways  by  SM.  In  contrast,  no 
cleavage  of  caspase-10  was  observed  (Fig.  6C). 

The  executioner  caspases-3  and  -7  were  both  proteolyti- 
cally  activated  after  SM  exposure,  with  caspase-3  activation 
detectable  3  h  after  SM  exposure,  and  caspase-7  cleavage 


Fig.  1.  Exposure  of  human  keratinocytes  to  SM  results  in  a 
dose-dependent  up-regulation  of  Fas  and  FasL  expression, 
caspase-8  activation,  and  caspase-3-mediated  PARP  cleavage. 

Human  keratinocytes  (NHEK)  were  incubated  for  16  h  with  the  indi¬ 
cated  concentrations  of  SM  in  SFM  (A-C)  or  agonistic  Fas  antibody  (C), 
after  which  cell  extracts  were  prepared  and  assayed  for  the  presence  of 
Fas  and  FasL  (A),  and  proteolytic  cleavage  of  caspase-8  (B)  or  PARP  (C) 
by  immunoblot  analysis.  The  positions  of  molecular  size  standards  (in 
kilodaltons)  and  of  the  various  proteins  are  indicated. 


noted  4  h  after  exposure.  To  detect  caspase-6  activity,  we 
utilized  antisera  specific  for  lamin  A,  which  is  cleaved  in  vivo 
by  active  caspase-6  at  the  peptide  sequence  VEID.  Caspase-6 
activity  is  essential  for  lamin  A  cleavage,  which  is  necessary 
for  chromatin  condensation  during  apoptotic  execution  (21). 
Fig.  3  shows  the  time  course  of  caspase-6-mediated  lamin  A 
cleavage  in  NHEK  following  SM  exposure.  Surprisingly,  this 
substrate  was  one  of  the  first  to  be  cleaved  (within  1  h), 
relative  to  cleavage  of  PARP  (6  h),  or  the  apoptotic  DFF/ 
inhibitor  of  caspase-activated  DNase  (16  h;  Fig.  3).  PARP  has 
been  shown  to  be  a  substrate  of  caspase-3  and  -7,  whereas 
DFF  45  is  primarily  cleaved  by  caspase-3.  Taken  together, 
these  data  suggest  that  caspase-6  may  be  the  first  of  the 
executioner  caspases  to  be  activated  following  exposure  of 
NHEK  to  SM,  followed  by  caspase-3  and  -7. 

Caspase-6-mediated  Cleavage  of  Epidermal  Keratin  K1  fol¬ 
lowing  SM  Exposure— We  previously  found  that  the  supra- 
basal-specific  keratins,  K1  and  K10,  are  induced  upon  exposure 
of  NHEK  to  100  /am  SM,  using  monoclonal  antibodies  (8).  In  the 
current  study,  we  utilized  a  polyclonal  antibody  directed 
against  the  C  terminus  of  Kl,  and  found  that  exposure  of  cells 
to  higher  concentrations  of  SM  resulted  in  proteolytic  cleavage 
of  keratin  Kl  (Fig.  4A).  The  size  of  the  Kl  cleavage  product 
maps  near  a  perfect  consensus  sequence  for  a  site  of  cleavage 
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Fig.  3.  Exposure  of  human  keratinocytes  to  SM  induces  pro- 
teolyt'c  cleavage  of  downstream  targets  of  caspase-3  (PARP  and 
DFF  45)  as  well  as  of  caspase-6  (lamin  A).  NHEK  were  incubated 
with  300  pM  SM  in  SFM  and,  after  the  indicated  times,  cell  extracts 
were  prepared  and  assayed  for  the  proteolytic  cleavage  of  downstream 
targets  of  caspase-3:  PARP  and  DFF  45,  and  caspase-6-mediated  lamin 
A  cleavage  by  immunoblot  analysis  with  antibodies  specific  for  these 
proteins.  The  positions  of  the  various  proteins  and  their  cleavage  prod- 
ucts  are  indicated. 


by  caspase-6  (Fig.  4JB).  Moreover,  point  mutations  near  this 
region  of  K1  give  rise  to  a  genetic  blistering  disorder,  epider- 
molytic  hyperkeratosis,  very  similar  to  SM-induced  vesication 

(22) .  K1  may  therefore  be  a  substrate  for  caspase-6  and  a  target 
during  SM-induced  keratinocyte  apoptosis. 

Expression  of  FADD  Dominant-negative  in  Human  Keratino¬ 
cytes  Inhibits  SAf -induced  Activation  and  Processing  of 
Caspases-3  and  -8— Up-regulation  of  the  Fas  ligand  or  receptor 

(23)  causes  recruitment  of  FADD  (24),  FLASH  (25),  and 
caspase-8  (26),  to  the  death-inducing  signaling  complex  (27), 
and  induces  the  activation  of  caspase-8  (26),  followed  by  the 
activation  of  the  executioner  caspases-3,  -6,  and  -7.  SM  induces 
a  dose-dependent  increase  in  the  levels  of  both  Fas  receptor  as 
well  as  FasL  (Fig.  1),  and  caspase-8  is  activated  within  2  h  after 
exposure  of  NHEK  to  SM  (Fig.  2).  To  further  analyze  the 
importance  of  the  death  receptor  pathway  for  SM  toxicity,  we 
utilized  a  dominant  negative  inhibitor  of  FADD  (FADD-DN), 
which  expresses  a  truncated  FADD  protein  containing  an  AU1 
epitope  tag  and  lacking  the  N-terminal  domain  necessary  for 
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Fig.  2.  Exposure  of  human  keratinocytes  to  SM  induces  pro¬ 
teolytic  processing  of  procaspases-8,  -9,  -3,  and  -7  in  a  time-de¬ 
pendent  fashion.  Human  keratinocytes  (NHEK)  were  incubated  with 
300  pM  SM  in  SFM  and,  after  the  indicated  times,  cell  extracts  were 
prepared  and  assayed  for  the  proteolytic  cleavage  and  activation  of 
upstream  caspases-8  and  -9,  as  well  as  effector  caspases-3  and  -7  by 
immunoblot  analysis.  The  positions  of  the  various  procaspases  and 
their  cleavage  products  (for  caspases-3  and  -9)  are  indicated. 
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Fig  4  Exposure  of  human  keratinocytes  to  SM  results  in  a 
dose-dependent  cleavage  of  epidermal  keratin  Kl.  A  NHEK  were 
incubated  with  300  fxM  SM  in  SFM  and,  after  the  indicated  time,  cell 
extracts  were  subjected  to  immunoblot  analysis  with  antibodies  to 
keratin  Kl.  The  positions  of  Kl  and  its  cleavage  product  are  indicated. 
B,  schematic  diagram  of  the  Kl  consensus  sequence  containing  a  puta¬ 
tive  site  of  cleavage  by  caspase-6  ( VE/D ). 

recruitment  and  activation  of  caspase-8  at  the  death  receptor 
complex  (Fig.  5A).  Thus,  the  recruitment  of  FADD  to  the  death 
receptor  complex  is  inhibited  in  cells  expressing  FADD-DN. 
Nco  cells  were  transfected  with  empty  vector  or  with  FADD- 
DN;  stable  clones  were  selected  in  G418  and  maintained  in 
SFM.  Immunoblot  analysis  of  extracts  derived  from  different 
FADD-DN  clones  with  antibodies  to  FADD  confirmed  the  pres¬ 
ence  of  both  FADD  and  FADD-DN  in  positive  clones,  whereas 
parental  Nco  cells  expressed  only  full-length  FADD  protein 
(Fig.  5 B,  left  panel).  Expression  of  the  AU1  tag  in  one  clone 
(DN3),  which  was  chosen  for  high  levels  of  FADD-DN  and  used 
in  subsequent  experiments,  was  further  confirmed  by  immuno¬ 
blot  analysis  with  anti-AUl  (Fig.  5 B,  right  panel). 

We  first  tested  whether  expression  of  the  FADD-DN  con¬ 
struct  could  in  fact  suppress  the  death  receptor  pathway  of 
apoptosis.  Control  Nco  (transfected  with  vector  alone)  or  Nco 
stably  expressing  FADD-DN  were  incubated  with  a  Fas  agonist 
antibody  (clone  CH11)  to  induce  apoptosis.  We  measured 
caspase-3  activity  as  a  marker  of  apoptosis,  by  quantitative 
fluorometric  analysis  with  DEVD-AMC  as  a  substrate.  Cytoso¬ 
lic  extracts  were  derived  16  h  after  SM  exposure  and  analyzed 
for  caspase-3  activity.  Fig.  6A  ( right  panel)  shows  that,  follow¬ 
ing  incubation  with  agonist  antibodies  to  Fas,  caspase-3  activ¬ 
ity  is  suppressed  in  cells  expressing  the  FADD-DN  protein. 
Control  Nco  and  Nco-FADD-DN  keratinocytes  were  then 
treated  with  increasing  doses  of  SM  for  16  h,  and  extracts  were 
analyzed  for  caspase-3  activity.  Similar  to  Fas-mediated  apo¬ 
ptosis,  SM-induced  caspase-3  activity  was  markedly  inhibited 
by  expression  of  FADD-DN  (Fig.  6A,  left  panel).  At  all  SM 
doses,  Nco  keratinocytes  displayed  substantially  more  cas- 
Pase-3  activity  than  cells  expressing  FADD-DN. 

We  next  analyzed  whether  expression  of  FADD-DN  in  kera- 
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Fig.  5.  Positive  clones  of  human  keratinocytes  (Nco)  stably 
transfected  with  FADD-DN  express  truncated  FADD  (FADD- 
DN)  and  epitope  tag  AU1.  A,  schematic  representation  of  FADD,  and 
a  dominant-negative  inhibitor  of  FADD  (FADD-DN),  which  expresses  a 
truncated  FADD  lacking  the  death  effector  domain  (DED)  responsible 
for  recruitment  and  activation  of  caspase-8  at  the  death  receptor  com¬ 
plex,  thereby  blocking  the  recruitment  and  activity  of  endogenous 
FADD.  B,  Nco  cells,  derived  from  NHEK  were  transfected  with  empty 
vector  or'  with  FADD-DN,  and  stable  clones  were  selected  in  G418. 
Extracts  of  different  FADD-DN  clones  were  subjected  to  immunoblot 
analysis  with  antibodies  to  FADD,  confirming  the  presence  of  both 
FADD  and  FADD-DN  in  positive  clones,  whereas  parental  Nco  cells 
expressed  only  full-length  FADD  (left  panel).  Expression  of  the  AU1  tag 
in  one  clone  ( DN3 ),  which  was  chosen  for  high  levels  of  FADD-DN  and 
used  in  subsequent  experiments,  was  confirmed  by  immunoblot  analy¬ 
sis  with  anti-AUl  ( right  panel).  The  positions  of  FADD  and  FADD-DN 
are  indicated. 

tinocytes  could  suppress  the  proteolytic  processing  of  pro- 
caspase-3  into  its  catalytically  active  form.  An  immunoblot 
analysis  was  performed,  using  an  antibody  specific  for  the 
larger  subunits  (pl7/p20)  of  active  caspase-3.  Fig.  65  shows 
that  treatment  of  control  Nco  keratinocytes  with  100,  200,  or 
300  pM  SM  resulted  in  the  dose-dependent  increase  in  process¬ 
ing  of  procaspase-3  into  the  active  pl7/p20  forms.  On  the  other 
hand,  this  processing  was  almost  completely  suppressed  in 
cells  stably  expressing  FADD-DN. 

To  further  analyze  the  effects  of  FADD-DN  on  caspase  proc¬ 
essing,  cells  were  exposed  to  SM  and  extracts  were  harvested 
after  the  indicated  times  and  analyzed  for  the  proteolytic  cleav¬ 
age  of  procaspase-8.  Immunoblot  analysis  with  antibodies  to 
the  intact  form  of  caspase-8  revealed  that  proteolytic  activation 
of  caspase-8  is  suppressed  in  FADD-DN  keratinocytes  (Fig. 
60.  Caspase-8  processing  can  clearly  be  observed  as  early  as 
2  h  after  SM  exposure  in  control  Nco  cells  but  not  in  the 
FADD-DN  keratinocytes.  As  expected,  caspase-10  is  not  acti¬ 
vated  during  SM-induced  apoptosis. 

FADD  Dominant-negative  Expression  in  Keratinocytes  Inhib¬ 
its  SM-induced  Internucleosomal  DNA  Fragmentation  and 
Caspase-6-mediated  Lamin  Cleavage— A  hallmark  of  apoptosis 
is  the  generation  of  multimers  of  nucleosome-sized  DNA  frag¬ 
ments  as  the  result  of  the  activation  of  apoptotic  endonucle¬ 
ases,  which  cleave  the  chromatin  in  the  internucleosomal 
linker  region.  We  treated  Nco  or  Nco-FADD-DN  keratinocytes 
with  increasing  concentrations  of  SM,  after  which  DNA  was 
isolated  and  resolved  on  1.5%  agarose  gels.  Fig.  7A  shows  that 
SM-induced  internucleosomal  DNA  fragmentation  is  clearly 
visible  in  control  Nco  keratinocytes  even  at  lower  concentra¬ 
tions  of  SM,  but  not  in  those  expressing  FADD-DN.  At  higher 
SM  concentrations,  a  characteristic  apoptotic  pattern  of  inter¬ 
nucleosomal  cleavage  was  observed  in  SM-exposed  control  Nco 
cells,  whereas  DNA  extracted  from  FADD-DN  cells  appeared  as 
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Fig.  6.  Stable  expression  of  FADD-DN  in  Nco  keratinocytes 
inhibits  SM-induced  activation  and  proteolytic  processing  of 
procaspases-3  and  -8  to  their  active  forms.  A,  Nco  and  FADD-DN 
keratinocytes  were  incubated  for  16  h  with  the  indicated  concentrations 
of  SM  in  SFM  (left  panel )  or  to  agonist  antibodies  to  Fas  (right  panel), 
after  which  whole  cell  extracts  were  prepared  and  assayed  for  caspase-3 
activity  with  the  specific  substrate  DEVD-AMC.  Cell  extracts  from  the 
experiment  in  A  were  subjected  to  immunoblot  analysis  with  antibodies 
specific  for  caspases-3  (B),  -8,  and  -10  (C).  The  positions  of  the  caspases 
and  their  proteolytic  cleavage  products  are  indicated. 

a  smear,  characteristic  of  necrotic  death. 

Another  well  established  marker  of  apoptosis  is  the  fragmen¬ 
tation  of  nuclei,  which  occurs  partly  because  of  the  caspase-6- 
mediated  cleavage  of  nuclear  lamin  A  at  a  specific  sequence 
(21).  We  therefore  analyzed  the  cleavage  of  lamin  A  following 
exposure  to  SM.  Whereas  control  Nco  keratinocytes  displayed  a 
dose-dependent  increase  in  the  caspase-6-mediated  cleavage  of 
lamin  A  in  response  to  SM  (Fig.  75),  this  cleavage  was  almost 
completely  inhibited  in  keratinocytes  that  stably  expressed 
FADD-DN.  Thus,  blocking  the  death  receptor  complex  by  ex¬ 
pression  of  FADD-DN  inhibits  SM-induced  internucleosomal 
DNA  cleavage,  as  well  as  caspase-6-mediated  nuclear  lamin 
cleavage. 

Expression  of  FADD-DN  in  Keratinocytes  Suppresses  SM- 
induced  Cleavage  of  PARP  and  Caspase-7 ,  an  Effect  That  Is 
Dependent  on  Caspase-3— To  verify  whether  cleavage  of  down¬ 
stream  targets  of  caspase-3  is  also  blocked  by  expression  of 
FADD-DN,  immunoblot  analysis  was  performed  on  extracts 
from  control  and  SM-exposed  cells  with  antibodies  to  PARP 
and  caspase-7.  Whereas  both  caspase-3-mediated  cleavage  of 
PARP  and  caspase-7  were  observed  following  exposure  of  con¬ 
trol  Nco  keratinocytes  to  300  jum  SM,  these  apoptotic  markers 
were  completely  abolished  by  expression  of  FADD-DN  (Fig.  8). 

To  examine  whether  caspase-3  was  in  fact  responsible  for  SM 
cytotoxicity  in  human  keratinocytes,  we  next  determined 
whether  pretreatment  of  keratinocytes  with  the  peptide  inhib¬ 
itor  of  caspase-3  (Ac-DEVD-CHO;  Biomol)  could  block  SM- 
induced  cleavage  of  PARP  and  caspase  7.  A  30-min  pretreat¬ 
ment  of  cells  with  50  pM  Ac-DEVD-CHO  prior  to  SM  exposure 
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Fig.  7.  Stable  expression  of  FADD-DN  in  Nco  keratinocytes 
inhibits  SM-induced  internucleosomal  DNA  fragmentation  and 
caspase-6-mediated  lamin  cleavage.  A,  control  keratinocytes  or 
Nco  stably  expressing  FADD-DN  were  exposed  to  the  indicated  concen¬ 
trations  of  SM  in  SFM  for  16  h,  after  which  total  genomic  DNA  was 
extracted,  purified,  and  apoptotic  internucleosomal  DNA  fragmentation 
was  detected  by  gel  electrophoresis  on  a  1.57c  agarose  gel  and  ethidium 
bromide  staining.  B,  cell  extracts  from  the  experiment  in  A  were  sub¬ 
jected  to  immunoblot  analysis  with  antibodies  to  lamin  A.  The  positions 
of  lamin  A  and  its  cleavage  product  are  indicated. 


suppressed  activation  of  caspase-7  and  PARP  cleavage,  which 
are  both  cleaved  by  caspase-3  (Fig.  8). 

Inhibition  of  the  Fas,  but  Not  TNFRI,  Pathway  with  Blocking 
Antibodies  Inhibits  Markers  of  SM-induced  Apoptosis— Elevation 
of  both  Fas  and  FasL  suggested  that  activation  of  Fas  is  respon¬ 
sible  for  SM  toxicity.  To  directly  test  the  role  of  Fas  and  TNFRI 
in  SM-induced  apoptosis,  we  utilized  neutralizing  antibodies  spe¬ 
cific  for  each  receptor.  Because  phosphatidylserine  is  exposed  on 
the  surface  of  apoptotic  cells,  and  the  presence  of  these  residues 
can  be  detected  by  their  ability  to  bind  to  annexin  V,  we  analyzed 
the  cells  for  annexin  V  binding  by  FACS  analysis  16  h  after  SM 
exposure.  Fig.  9A  shows  that  untreated  NHEK  are  more  sensi¬ 
tive  to  SM-induced  apoptosis  at  the  doses  tested  than  those 
pretreated  with  Fas-blocking  antibody  (ZB4).  A  plot  of  the  sur¬ 
vival  rates  (propidium  iodide  negative,  annexin  V-negative)  also 
confirms  that  control  cells  are  more  sensitive  to  SM-mediated 
killing  (Fig.  9B).  Fig.  9,  C  and  D,  fiirther  show  that  pretreatment 
of  NHEK  to  ZB4  attenuates  caspase-3  activity  and  proteolytic 
processing.  In  contrast,  TNFRl-blocking  antibody  had  no  effect 
on  SM-induced  apoptotic  markers  and  cell  survival.  Thus,  SM 
exerts  its  effects  primarily  through  a  Fas-mediated  pathway. 

FADD-DN  Expression  in  Human  Keratinocytes  Partially 
Blocks  the  Vesication  Response  in  Grafted  Human  Keratino¬ 
cytes— Human  skin  grafts  transplanted  onto  nude  mice  have 
been  used  successfully  to  examine  SM-induced  biochemical 
alterations,  utilizing  an  end  point  of  micro-  or  macroblisters 
(1-6,  28).  We  also  previously  determined  that  NHEK  as  well  as 
Nco  cells  could  be  used  to  establish  a  histologically  and  immu- 
noeytochemically  normal  epidermis  when  grafted  onto  nude 
mice  that  exhibits  SM-induced  vesication  (8,  9,  15).  Utilizing 
human  keratin-specific  antibodies,  we  additionally  demon¬ 
strated  the  correct  expression  of  human  keratins  Kl,  K10,  and 
K14  within  the  grafted  epidermis  previously  (15).  In  an  at¬ 
tempt  to  test  the  effects  of  inhibitors  of  the  death  receptor 
pathway  on  apoptosis  and  vesication  in  intact  human  epidermis, 


NCO 


NCO/FADD-DN 


SM  (pM):  0  300  300 

DEVD :  -  .  + 

kDa  29- 
20- 
7" 


300  300 

+ 


FADD 

FADD-DN 


Fir,.  8.  Expression  of  FADD-DN  in  Nco  keratinocytes  inhibits 
SM-induced  PARP  cleavage  and  proteolytic  activation  of 
caspase-7.  Control  or  Nco  keratinocytes  stably  expressing  FADD-DN 
were  exposed  to  300  juM  SM  in  SFM  for  16  h,  with  or  without  a  30-min 
pretreatment  of  cells  with  a  peptide  inhibitor  of  caspase-3  (Ac-DEVD- 
CHO).  Cell  extracts  were  derived  and  subjected  to  immunoblot  analysis 
with  antibodies  to  FADD,  PARP,  caspase-7,  and  caspase-10.  The  posi¬ 
tions  of  FADD  and  FADD-DN,  as  well  as  PARP,  caspases-7  and  -10,  and 
their  cleavage  products  are  indicated. 


we  utilized  this  system  to  genetically  engineer  human  keratino¬ 
cytes  prior  to  grafting  to  ectopically  express  FADD-DN.  Nco  and 
Nco-FADD-DN  human  grafts  were  subsequently  exposed  to  SM 
by  the  vapor  cup  method  6-8  weeks  after  grafting.  Frozen  and 
fixed  sections  derived  from  graft  sites  of  these  animals  were  first 
analyzed  for  the  expression  of  FADD-DN  using  the  AU1  anti¬ 
body,  which  recognizes  the  specific  AU1  epitope  on  the  FADD-DN 
protein.  Immunofluorescence  analysis  of  these  sections  with  an¬ 
tibodies  to  FADD  or  AU1  verified  that  Nco  keratinocytes  stably 
expressing  FADD-DN  attached  with  an  AU1  epitope  tag  could  be 
grafted,  and  that  the  AU1  epitope  could  be  detected  within  the 
grafted  human  skin  (Fig.  10). 

Significantly,  histological  analysis  of  SM-exposed  animals 
grafted  with  Nco  (control),  and  those  grafted  with  the 
FADD-DN  clone  of  Nco  revealed  that  SM  microvesication  is 
reduced  by  FADD-DN.  Table  I  shows  that  while  there  was  no 
difference  in  the  response  of  the  athymic  nude  mouse  host 
epidermis  to  SM  (bottom  half  of  Table  I),  there  was  a  decrease 
in  the  amount  of  microvesication  in  the  FADD-DN  grafts 
(Table  I,  sixth  column,  boldface). 

SM  Induces  Markers  of  Apoptosis  in  Basal  Cells  in  Human 
Skin  Grafts ,  Particularly  in  Regions  of  Microvesication,  an 
Effect  That  Is  Inhibited  by  FADD-DN  Expression — Because  the 
epidermis  comprises  less  than  half  of  the  weight  of  the  grafted 
skin,  it  is  difficult  to  measure  epidermal-specific  markers  of 
apoptosis  by  immunoblot  analysis.  We  thus  performed  cyto- 
chemical  and  immunofluorescent  analysis  to  examine  the  ex¬ 
pression  of  markers  within  individual  cells.  In  addition  to 
increased  sensitivity,  cytochemical  staining  and  immunofluo¬ 
rescent  labeling  of  individual  cells  allowed  us  to  localize  and 
identify  the  cell  type  within  the  epidermis  undergoing  apo¬ 
ptosis  (Le.  basal,  spinous,  granular,  or  cornified).  This  informa¬ 
tion  coupled  with  the  vesication  data  ultimately  permits  corre¬ 
lation  between  the  apoptotic  pathways  and  blistering. 

DNA  breaks  can  be  detected  in  situ  using  a  Klenow  frag¬ 
ment-based  assay  system  (DermaTACS;  Trevigen).  We  tested 
the  relationship  between  apoptotic  DNA  breaks,  vesication, 
and  the  Fas/TNF  pathway  by  two  different  approaches.  In  the 
first  approach,  we  grafted  control  Nco  keratinocytes,  or  FADD- 
DN-expressing  Nco,  followed  by  exposure  to  SM.  24  h  after 
exposure,  animals  were  sacrificed  and  skin  biopsies  were  ob¬ 
tained,  fixed,  and  sectioned.  DNA  breaks  were  then  detected  by 
the  DermaTACS  method  as  described  under  “Materials  and 


FADD-DN  Blocks  SM-induced  Apoptosis  and  Vesication 


8537 


SM  Concentration  (pM) 


c 


0 

□ 


No  inhibitor 


+  Anti -Fas  ZB4 
(250  ng/ml) 

+  antl-TNF 


SM  Concentration  ( pM) 


Fig.  9.  Inhibition  of  the  Fas,  but  not  TNFR1,  pathway  with 
blocking  antibodies  inhibits  caspase-3  activity  and  processing. 

Human  keratinocytes  (NHEK)  were  incubated  for  16  h  with  the  indi¬ 
cated  concentrations  of  SM  in  SFM  in  the  presence  or  absence  of  Fas-  or 
TNFR 1  -neutralizing  antibodies,  after  which  cells  were  prepared  and 
assayed  for  annexin  V  binding  plus  propidium  iodide  staining  by  FACS 
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Fig.  10.  Detection  of  AUl-tagged  FADD-DN  and  human  K14  in 
human  keratinocytes  grafted  to  nude  mice.  A,  schematic  diagram 
of  grafting  protocol  wherein  a  1-cm  diameter  piece  of  skin  is  removed 
from  the  dorsal  surface  of  athymic  mice,  and  a  pellet  of  cells  containing 
8  X  106  fibroblasts  +  5  X  106  keratinocytes  (NHEK  or  Nco)  are  pipetted 
on  top  of  the  muscular  layer  within  a  silicon  dome  to  protect  the  cells 
during  development.  The  dome  is  removed  after  1  week.  B,  Nco  human 
keratinocytes  were  stably  transfected  with  a  FADD-DN  construct,  con¬ 
taining  a  FADD-DN  insert  in  pCDNA  3.1  linked  to  a  sequence  encoding 
the  AU1  epitope.  Six  weeks  after  grafting,  skin  was  harvested,  fixed  in 
formalin,  and  embedded  in  paraffin.  5  p-M  sections  were  deparaffinized, 
and  stained  with  antisera  specific  for  AU1  ( middle ),  or  human  keratin 
14  {right).  No  staining  was  observed  in  host  mouse  skin. 

Methods.”  Fig.  11A  shows  that  SM  induces  apoptosis  in  basal 
cells  of  grafts  derived  from  Nco.  In  addition,  apoptotic  cells 
were  concentrated  in  the  areas  of  microvesication.  In  contrast, 
Nco-FADD-DN  skin  grafts  did  not  display  the  same  degree  of 
apoptosis  or  microvesication. 

The  second  approach  involved  exposing  control  and  Fas - 
knockout  (Ipr)  newborn  pups  to  SM  by  the  vapor  cup  method. 
SM  strongly  induced  apoptosis  primarily  in  the  basal  cells  of 
control  animals  in  the  areas  of  microvesication,  but  DNA 
breaks  were  markedly  diminished  in  skin  derived  from  genet¬ 
ically  matched  mice  with  a  disrupted  Fas  gene  (Fig  1LB).  Taken 
together,  the  data  suggest  that  SM  activates  a  Fas/TNF  apo¬ 
ptotic  pathway  resulting  in  the  activation  of  caspase-3  and 
apoptosis  of  basal  cells,  contributing  to  the  vesication  response. 

To  observe  caspase-3  activation  in  skin  sections,  we  per¬ 
formed  immunofluorescent  staining  utilizing  antibodies  that 
recognize  the  cleavage  products  of  caspase-3  but  not  the  full- 
length  protein  to  localize  active  caspase-3  in  individual  cells 
following  exposure  of  human  skin  grafts  to  SM.  Immuno- 
staining  of  mouse  epidermis  exposed  to  SM  by  the  vapor  cup 
method  using  anti-active  caspase-3  reveals  that  caspase-3  is 
activated  in  basal  epidermal  cells  of  control  mouse  skin  treated 
with  SM  (Fig.  12).  On  the  other  hand,  caspase-3  activation  in 
basal  cells  was  markedly  diminished  in  skin  derived  from  ge¬ 
netically  matched  mice  with  a  disrupted  Fas  gene  (knockout).2 


2  D.  S.  Rosenthal,  A.  Velena,  F-P.  Chou,  R.  Schlegel,  R.  Ray,  B. 
Benton,  D.  Anderson,  W.  J.  Smith,  and  C.  M.  Simbulan-Rosenthal, 
unpublished  data. 


analysis  (A  and  B).  Percentage  of  cells  exhibiting  annexin  V  binding  (A) 
or  that  were  negative  for  annexin  V  binding  PI  staining  (B)  as  deter¬ 
mined  by  FACS  analysis  are  shown.  All  the  data  in  A  and  B  are 
presented  as  mean  ±  S.D.  of  three  replicates  of  a  representative  exper¬ 
iment;  essentially  the  same  results  were  obtained  in  three  independent 
experiments.  Whole  cell  extracts  were  also  prepared  and  assayed  for 
caspase-3  activity  with  the  specific  substrate  DEVD-AMC  (C),  or  sub¬ 
jected  to  immunoblot  analysis  with  antibodies  specific  for  caspases-3 
(D).  The  positions  of  the  caspases  and  their  proteolytic  cleavage  prod¬ 
ucts  are  indicated. 
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Tabi.r  i 

Level  of  epidermal  damage  and  microvesication  in  human  skin  grafts  derived  from  Nco  or  Nco-FADD-DN  kerati nocytes 
Numbers  represent  strength  and  severity  of  response  and  range  from  0  to  4  (most  severe). 
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Fig.  11.  SM  induces  markers  of  apoptosis  in  basal  cells  in 
human  skin  grafts,  particularly  in  regions  of  microvesication, 
an  effect  that  is  inhibited  by  Fas-knockout  or  FADD-DN  expres¬ 
sion.  A,  control  human  keratinocytes  (Nco),  or  FADD-DN-expressing 
Nco  were  grafted  onto  nude  mice,  which  were  then  exposed  to  SM  by 
vapor  cup.  The  SM-exposed  human  skin  grafts  were  obtained,  fixed 
sectioned,  and  subjected  to  DNA  break  detection  by  DermaTACS  Slides 
were  then  observed  by  bright  field  microscopy.  The  positions  of  the 
basal  cells,  the  dermis,  and  areas  of  vesication  are  indicated.  B,  control 
and  Fas  knockout  newborn  pups  were  exposed  to  SM  by  the  vapor  cup 
method.  24  h  after  exposure,  animals  were  sacrificed,  and  skin  biopsies 
were  obtained,  fixed,  and  sectioned.  DNA  breaks  were  then  detected  by 
the  DermaTACS  method  as  described  under  “Materials  and  Methods.” 

These  results  suggest  that  the  Fas/TNF  pathway  of  apoptosis  is 
activated  in  individual  basal  cells  by  SM,  particularly  in  re¬ 
gions  of  microvesication.  We  also  obtained  similar  results 
in  which  basal  cells  of  SM-treated  human  skin  grafts  derived 
from  Nco  keratinocytes  displayed  immunostaining  for  active 
caspase-3  in  areas  of  microvesication  in  the  skin  grafts.  In 
contrast,  preliminary  results  indicate  that  grafts  derived  from 
FADD-DN  keratinocytes  exhibit  less  active  caspase-3  in  the 
basal  cells,  consistent  with  the  results  of  immunoblot  analysis.2 

DISCUSSION 

SM  vesication  involves  both  cytotoxicity  and  detachment  of 
the  epidermal  basal  cell  layer  in  vivo.  Using  a  cell  culture 
model  in  the  present  study,  we  have  described  a  potential 


Fig.  12.  Caspase-3  is  activated  in  basal  epidermal  cells  of 
mouse  skin  treated  with  SM  by  vapor  cup,  particularly  in  re¬ 
gions  of  microvesication.  Newborn  mice  were  exposed  to  SM  by  the 
vapor  cup  method,  and  paraffin-embedded  sections  were  derived  from 
the  sites  of  SM-exposed  mouse  skin.  Sections  were  deparaffnized,  in¬ 
cubated  with  antibodies  to  active  caspase-3  with  biotinylated  anti¬ 
mouse  IgG,  and  with  streptavidin-conjugated  Texas  Red,  and  then 
observed  with  a  Zeiss  fluorescence  microscope  as  described  under  “Ma- 
terials  and  Methods.”  Immunostaining  of  mouse  epidermis  treated  with 
SM  by  vapor  cup  exposure  using  anti-active  caspase-3  (left)  or  phase- 
contrast  (right)  are  shown.  The  positions  of  the  basal  cells,  cells  with 
active  caspases-3,  as  well  as  areas  of  microvesication  are  indicated. 

mechanism  for  SM-induced  keratinocyte  basal  cell  death  and 
detachment:  apoptosis  in  keratinocytes  via  a  Fas/TNF  death 
receptor  pathway.  Keratinocyte  basal  cell  death  is  primarily 
because  of  apoptosis  at  the  doses  tested  (100-300  /am  SM), 
contributing  to  SM  vesication  (8).  We  have  further  observed  the 
activation  of  markers  of  apoptosis  that  are  consistent  with  a 
Fas  ligand-receptor  interaction,  including  caspase-8, 
caspase-3,  and  PARP  cleavage  (7-9).  Several  investigators 
have  also  examined  the  mode  of  cell  death  induced  by  SM  in 
other  cell  types.  SM  induces  an  apoptotic  response  in  HeLa 
cells  (10-100  /am)  (29),  peripheral  blood  lymphocytes  (6-300 
/am)  (30),  keratinocytes  (50-300  /am)  (8,  17),  and  endothelial 
cells  (<250  /am)  (31).  However,  a  time-dependent  shift  to  necro¬ 
sis  was  observed  in  SM-treated  lymphocytes  (30),  whereas 
markers  of  necrosis  were  observed  at  higher  levels  of  SM  in 
endothelial  cells  (>500  /am)  (31)  and  HeLa  (1  him)  (29). 

SM  is  a  strong  bifunctional  alkylating  agent  with  a  high 
affinity  for  DNA,  and  has  been  shown  to  induce  DNA  strand 
breaks  in  keratinocytes  (8,  32),  which  is  confirmed  by  our 
results  showing  the  presence  of  DNA  breaks  in  SM-exposed 
human  skin  grafts.  It  is  therefore  likely  that  DNA  strand 
breaks  play  a  role  in  the  SM-induced  apoptosis  in  human 
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keratinocytes.  In  an  attempt  to  define  the  molecular  series  of 
events  leading  to  SM  vesication,  we  elucidated  important  path¬ 
ways  by  which  SM  induces  cell  death  in  cultured  keratinocytes, 
as  well  as  in  intact  mouse  and  grafted  human  skin.  Members  of 
the  Fas/TNFR  family  and  their  ligands  may  be  induced  at  the 
level  of  transcription  following  stimulation  by  apoptosis-induc¬ 
ing  agents,  such  as  doxorubicin  (19,  20),  and  p53  has  been 
shown  to  play  a  role  in  the  up-regulation  of  Fas  (33).  Consis¬ 
tently,  we  have  shown  that  p53  is  also  rapidly  up-regulated  in 
keratinocytes  following  SM  treatment,  and  that  p53  may  play 
a  role  in  SM-induced  apoptosis  (9,  17).  Similarly,  ectopic  over¬ 
expression  of  either  Fas  or  FasL  directly  leads  to  apoptosis.  In 
the  present  paper,  we  observed  activation  of  a  death  receptor 
pathway  for  apoptosis,  in  which  Fas  receptor  and  FasL  play  a 
role.  Following  SM  exposure,  keratinocytes  significantly  up- 
regulate  levels  of  both  Fas  receptor  and  FasL,  followed  by  the 
rapid  activation  of  the  upstream  caspase-8,  mediated  by  re¬ 
cruitment  of  the  adaptor  protein  FADD,  and  the  consequent 
activation  of  the  executioner  caspases-3,  -6,  and  -7. 

To  better  understand  the  contribution  of  FADD-regulated 
pathways  in  the  cutaneous  response  to  SM,  we  blocked  the 
death  receptor  pathway  utilizing  keratinocytes  stably  express¬ 
ing  a  truncated  FADD  adaptor  protein  (FADD-DN);  this  pro¬ 
tein  lacks  the  N-terminal  domain  responsible  for  recruitment 
and  activation  of  caspase-8  at  the  death  receptor  complex. 
Keratinocytes  expressing  FADD-DN  exhibited  reduced  levels 
of  FADD  signaling  and  were  found  to  be  more  resistant  to 
SM-induced  PARP  cleavage  and  processing  of  caspases-3,  -6, 
-7,  and  -8  into  their  active  forms.  In  most  apoptotic  systems, 
caspase-3,  the  primary  executioner  caspase,  is  proteolytically 
activated,  and  in  turn  cleaves  key  proteins  involved  in  the 
structure  and  integrity  of  the  cell,  including  PARP,  DFF  45, 
fodrin,  gelsolin,  receptor-interacting  protein,  X-linked  inhibitor 
of  apoptosis  protein,  topoisomerase  I,  vimentin,  Rb,  and  lamin 
B  (11-14,  34).  Caspase-3  is  also  essential  for  apoptosis-associ¬ 
ated  chromatin  margination,  DNA  fragmentation,  and  nuclear 
collapse  (34). 

Utilizing  the  stable  expression  of  a  dominant-negative  inhib¬ 
itor  of  FADD,  we  also  demonstrated  a  role  for  the  Fas/TNF 
receptor  family  in  mediating  the  response  of  grafted  human 
keratinocytes  to  SM.  Significantly,  we  noted  that  blocking  the 
Fas/FADD  death  receptor  pathway  in  human  skin  grafted  onto 
nude  mice  reduces  vesication  and  tissue  injury  in  response  to 
SM,  thus  indicating  that  this  pathway  is  an  excellent  target  for 
therapeutic  intervention  to  reduce  SM  injury.  Fas-blocking 
antibody  experiments  in  cultured  keratinocytes  also  show  that 
SM  partially  exerts  its  apoptotic  effect  via  a  Fas-FasL  interac¬ 
tion  (Fig.  9).  In  addition,  our  recent  studies  with  Fas-deficient 
mice  indicate  the  viability  of  this  strategy  to  prevent  vesication 
by  using  inhibitors  of  the  death  receptor  pathway. 

Both  SM  and  UV,  another  agent  that  induces  apoptosis  in 
keratinocytes,  have  been  shown  to  up-regulate  the  levels  of 
another  member  of  the  Fas/TNF  family,  TNFa,  and  partial 
protection  of  keratinocytes  from  UV  can  be  obtained  by  incu¬ 
bating  keratinocytes  with  antibody  that  neutralizes  TNF  (35, 
36).  Targeted  gene  disruption  (knockout)  studies  have  shown 
that  the  majority  of  pathophysiological  responses  to  TNFa  are 
mediated  by  the  p55  TNF  receptor  (TNFR1)  (37,  38).  TNFa  was 
also  shown  to  be  elevated  in  SM-treated  epidermal  cells  (39), 
and  TNFa-blocking  treatments  have  demonstrated  a  clinical 
usefulness  for  a  wide  variety  of  lesions,  including  systemic 
lupus  erythematosus  (40),  rheumatoid  arthritis  (41),  psoriasis 
(42-45),  and  cutaneous  necrosis.  However,  in  the  current 
study,  TNFRl-neutralizing  antibody  was  unable  to  block  SM- 
induced  apoptosis. 

An  understanding  of  the  mechanisms  for  SM-induced  cell 


death  in  keratinocytes  will  hopefully  lead  to  strategies  for 
prevention  or  treatment  of  SM  vesication.  The  present  study 
suggests  that  inhibition  of  FADD  (upstream)  or  caspase-3 
(downstream)  may  alter  the  response  of  the  epidermis  to  SM. 
With  an  understanding  of  the  biochemical  pathways  for  SM 
vesication  and  having  attenuated  SM-induced  toxicity  in  vivo 
using  a  genetic  approach,  we  are  currently  further  testing  the 
effects  of  specific  pharmaceutical  inhibitors  of  Fas/caspase 
death  receptor  pathway  of  apoptosis  to  block  this  pathway,  and 
alter  the  cytotoxic  response  of  keratinocytes  to  SM  in  cell  cul¬ 
ture,  as  well  as  the  vesication  response  in  vivo.  To  assay 
whether  the  SM-induced  apoptotic  response  is  altered  upon 
treatment  with  inhibitors  of  the  Fas/caspase  pathway,  we  are 
examining  the  biochemical,  morphological,  and  structural 
changes  that  we  have  previously  established  as  characteristic 
markers  of  apoptosis  (7,  8,  17).  Our  present  study  shows  that 
we  can  detect  activation  of  caspase-3  in  single  cells,  thus, 
whether  other  caspases  of  the  Fas/TNF  receptor  pathway  are 
coactivated  by  SM  in  vivo ,  and  whether  this  activation  can  be 
prevented  by  using  inhibitors  of  this  pathway,  also  remain  to 
be  clarified. 

Toxic  epidermal  necrolysis,  a  blistering  lesion  similar  to  that 
resulting  from  SM  exposure,  has  been  successfully  treated  with 
intravenous  immunoglobulins,  containing  naturally  occurring 
neutralizing  antibodies  specific  for  human-Fas  (46).  FasL 
blocking  antibodies,  5  mg/kg,  injected  into  the  tail  vein,  have 
also  been  shown  to  be  effective  in  blocking  ethanol-induced 
liver  apoptosis  in  mice  (47).  Using  antibodies  that  have  been 
clinically  used  for  other  lesions,  such  as  toxic  epidermal 
necrolysis,  systemic  lupus  erythematosus,  rheumatoid  arthri¬ 
tis,  and  psoriasis  (40—46),  we  are  currently  testing  the  effects 
of  inhibiting  Fas/TNF  binding  to  their  ligands  with  neutraliz¬ 
ing  antibodies  to  Fas/TNFR  in  grafted  human  epidermis. 

The  effects  of  suppressing  the  function  of  the  upstream 
caspases-8  and  -9  as  well  as  the  downstream  central  execution 
caspase-3  with  cell-permeable  peptide  inhibitors  are  also  cur¬ 
rently  being  investigated.  An  inhibitor  that  blocks  the  activity 
of  all  caspases,  V-benzyloxycarbonyl-Val-Ala-Asp-(O-methyl)- 
fluoromethyl  ketone  (zVAD-fmk)  has  been  used  in  a  number  of 
cell  culture  studies  and  in  mouse  in  vivo  studies.  For  example, 
three  intraperitoneal  injections  of  0.25  mg/mouse  on  days  0,  5, 
and  10  were  recently  found  to  be  sufficient  to  prevent  silicosis 
(48).  For  in  vivo  inhibition  of  Fas/TNFR,  systemically  admin¬ 
istered  neutralizing  antibodies  against  Fas/TNF,  as  well  as 
systemic  and  topical  peptide  inhibitors  of  caspases  are  pres¬ 
ently  being  evaluated.  The  use  of  pharmacological  Fas/TNF/ 
caspase  inhibitors  to  study  SM  pathology,  in  the  context  of  the 
whole  animal  grafted  with  human  skin  offers  a  better  under¬ 
standing  of  the  mechanism  of  this  damage  for  human 
personnel. 
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UVB  from  solar  radiation  is  both  an  initiating  and 
promoting  agent  for  skin  cancer.  We  have  found  that 
primary  human  keratinocytes  undergo  an  apoptotic  re¬ 
sponse  to  UVB.  To  determine  whether  these  responses 
are  altered  during  the  course  of  immortalization,  we 
examined  markers  of  apoptosis  in  primary  human  fore¬ 
skin  keratinocytes  (HFK)  transduced  with  either  a  ret¬ 
roviral  vector  expressing  the  E6  and  E7  genes  of  HPV-16 
or  with  empty  vector  alone  (LXSN-HFK).  Whereas  LXSN- 
HFK  as  well  as  early  passage  keratinocytes  expressing 
HPV-16  E6  and  E7  (p7  E6/7-HFK)  were  both  moderately 
responsive  to  UVB  irradiation,  late  passage-immortal¬ 
ized  keratinocytes  (p27  E6/7-HFK)  were  exquisitely  sen¬ 
sitive  to  UVB-induced  apoptosis.  After  exposure  to  UVB, 
enhanced  annexin  V-positivity  and  internucleosomal 
DNA  fragmentation  were  observed  in  p27  E6/7-HFK 
compared  with  either  LXSN-  or  p7  E6/7-HFK.  Caspase-3 
fluorometric  activity  assays  as  well  as  immunoblot  anal¬ 
ysis  with  antibodies  to  caspase-3  and  poly(ADP-ribose) 
polymerase  revealed  elevated  caspase-3  activity  and 
processing  at  lower  UVB  doses  in  p27  E6/7-HFK  com¬ 
pared  with  LXSN-  or  p7  E6/7-HFK.  In  addition,  the 
caspase  inhibitor  DEVD-C HO  reduced  the  apoptotic  re¬ 
sponse  and  increased  survival  of  all  three  HFK  types. 
Immunoblot  analysis  revealed  that  caspase-8  was  acti¬ 
vated  in  all  three  cell  types,  but  caspase-9  was  only 
activated  in  p27  E6/7-HFK.  Cell  cycle  analysis  further 
showed  that  only  p27  E6/7-HFK  exhibit  Ga/M  accumula¬ 
tion  that  is  enhanced  by  UVB  treatment.  This  accumu¬ 
lation  was  associated  with  a  rapid  down-regulation  of 
Bcl-2  in  these  cells.  The  immortalization  process  subse¬ 
quent  to  the  expression  of  HPV  E6  and  E7  may  therefore 
determine  UVB  sensitivity  by  switching  the  mode  of 
apoptosis  from  a  caspase-8  to  a  Bcl-2-caspase-9-medi- 
ated  pathway  of  apoptosis. 


The  most  common  malignancy  in  humans  is  skin  cancer.  The 
incidences  of  basal  cell  carcinoma,  squamous  cell  carcinoma, 
and  melanoma  continue  to  rise  and  approach  those  of  all  other 
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cancer  subtypes  combined  (1).  UV1  irradiation  causes  skin  can¬ 
cer  through  a  series  of  cellular  changes  that  are  not  all  identi¬ 
fied.  However,  since  UV  acts  as  a  promoting  (selective)  as  well 
as  an  initiating  (mutating)  agent  (2),  it  is  clear  that  in  addition 
to  genetic  alterations,  inappropriate  or  altered  growth,  differ¬ 
entiation,  and/or  apoptotic  responses  to  UV  play  key  roles  in 
this  process. 

The  connection  between  UV-induced  apoptosis  and  skin  can¬ 
cer  has  been  well  studied  in  the  context  of  p53.  UV  induces  a 
signature  pattern  of  p53  mutations  in  squamous  cell  carcinoma 
and  basal  cell  carcinoma  (3,  4)  as  well  as  in  normal  sun-exposed 
skin  (5).  Keratinocytes  harboring  these  p53-inactivating  muta¬ 
tions  are  resistant  to  senescence  in  culture,  and  it  has  been 
further  proposed  that  such  keratinocytes  are  also  resistant  to 
growth  inhibition  or  cytotoxicity  from  subsequent  UV  exposure 
(6).  In  support  of  this  idea,  clones  of  p53-mutated  keratinocytes 
can  be  found  within  normal  sun-exposed  human  epidermis  (2, 
5)  and  can  be  generated  in  mice  in  which  clonal  expansion  of 
p53-mutant  keratinocytes  is  continually  driven  by  UVB  (7). 

Although  mucosal  HPV  types  have  been  long  implicated  in 
anogenital  cancer,  a  variety  HPV  types  have  been  identified  in 
a  high  percentage  of  basal  cell  carcinoma  and  squamous  cell 
carcinoma  in  immunosuppressed  patients  (8)  as  well  as  in 
actinic  keratoses  and  squamous  cell  carcinoma  in  those  with 
the  inherited  disorder  epidermodysplasia  verruciformis  (EV; 
Ref.  9).  HPV  has  also  been  postulated  to  play  a  role  in  basal  cell 
carcinoma  and  squamous  cell  carcinoma  from  immunocompe¬ 
tent  non-EV  patients  as  well  (8,  10).  In  most  cases,  carcinomas 
occur  in  sun-exposed  sites,  indicating  cooperation  between  UV 
and  HPV.  Because  the  HPV  E6  gene  product  inactivates  p53 
(for  review,  see  Ref.  11),  E6  presumably  serves  some  of  the 
same  functions  as  UV-induced  p53-inactivating  mutations  in 
skin  carcinogenesis  (12). 

HPV  E6  and  E7  oncogenes  likely  play  roles  in  the  early 
immortalization  stage  of  carcinogenesis,  resulting  ultimately 
in  the  stable  activation  of  the  telomerase  catalytic  subunit 
(hTERT)  and  inactivation  of  the  pl6/Rb  pathway  (13,  14).  In 
cell  culture,  spontaneous  immortalization  of-keratinocytes  is  a 
rare  event  that  can  be  enhanced  by  HPV-16/18  E6  and  E7. 
Although  HPV  E6  has  been  shown  to  transiently  up-regulate 
the  gene  and  promoter  of  hTERT  (15,  16)  and  E7  inactivates 
Rb,  other  genetic  events  are  apparently  required  for  immortal¬ 
ization.  These  other  genes  may  be  related  to  the  stable  expres¬ 
sion  of  hTERT  (17),  since  loss  of  a  region  of  chromosome  6 


1  The  abbreviations  used  are:  UV,  ultraviolet  (UV)  B;  EV,  epider¬ 
modysplasia  verruciformis;  HFK,  human  foreskin  keratinocytes;  PARP , 
poly(ADP-ribose)  polymerase;  CHAPS,  3-[(3-cholamidopropyl)dimeth- 
ylammonio]-l-propanesulfonic  acid;  PI,  propidium  iodide;  FACS,  fluo¬ 
rescence-activated  cell  sorter. 


This  paper  is  available  on  line  at  http://www.jbc.org 
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A 


Fig  1.  Exposure  of  HFK  to  UVB  re¬ 
sults  in  nuclear  fragmentation,  cas- 
pase-3  activation,  and  PARP  cleav¬ 
age  characteristic  of  apoptosis.  HFK 

were  derived  from  neonates  as  described 
under  “Materials  and  Methods.”  Cells 
were  irradiated  with  480  J/m2  UVB,  and 
16  h  later,  cells  were  fixed  and  stained 
with  Hoechst  (A).  B,  cells  were  irradiated 
with  480  J/m2  UVB,  and  after  the  indi¬ 
cated  times,  whole  cell  extracts  were  pre¬ 
pared  and  subjected  to  immunoblot  anal¬ 
ysis  using  antibodies  specific  for  the 
active  form  (pl7)  of  caspase-3  or  PARP. 
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derepresses  telomerase  expression  in  HPV-immortalized  cells. 
Steenbergen  et  ai  (18)  also  observed  non-random  allelic  losses 
at  3p,  lip,  and  13q  during  HPV-mediated  immortalization, 
whereas  Poignee  et  al.  (19)  displayed  evidence  for  loss  of  a 
senescence  locus  within  the  chromosomal  region  10pl4-pl5  in 
human  foreskin  keratinocyte  (HFK)-expressing  HPV-16  E6/7 
genes. 

Many  of  the  previous  studies  comparing  the  response  of 
primary  human  keratinocytes  to  their  immortalized  counter¬ 
parts  have  utilized  cells  that  are  tumor-derived  or  that  have 
been  cultured  for  long  periods  of  time.  To  directly  examine  the 
effects  of  HPV  E6/7  as  well  as  additional  early  immortalizing 
events  on  the  response  of  primary  keratinocytes  to  UVB,  we 
transduced  HFKs  with  a  retroviral  vector  expressing  HPV-16 
E6  and  E7  or  with  the  empty  vector  alone  (LXSN-HFK).  We 
then  compared  the  UVB-induced  apoptotic  response  of  early 
passage  cells  expressing  E6/7  (p7  E6/7-HFK)  as  well  as  those 
passaged  just  long  enough  to  become  immortalized  (p27  E6/7- 
HFK).  We  found  that  p27  E6/7-HFK  were  much  more  sensitive 
to  UVB-induced  apoptosis  than  either  LXSN-  or  p7  E6/7-HFK. 
Furthermore,  all  three  cell  types  were  shown  to  undergo 
caspase-3-dependent  apoptosis.  Examination  of  the  upstream 
caspases-8  and  -9  revealed  that  whereas  caspase-8  is  activated 
in  all  three  cell  types,  caspase-9  is  only  activated  after  UV 
exposure  of  p27  E6/7-HFK.  Cell  cycle  analysis  also  revealed 
that  only  p27  E6/7-HFK  underwent  UVB-induced  accumula¬ 
tion  in  G2/M  as  well  as  a  marked  reduction  in  the  levels  of 
immunodetectable  Bcl-2.  These  results  suggest  that  the  entire 
immortalization  process  rather  than  the  expression  of  E6  and 
E7  alone  is  critical  to  the  increased  apoptotic  response,  which 
involves  a  switch  from  a  caspase-8-  to  a  caspase-9-dependent 
pathway.  These  results  indicate  that  immortalization  repre¬ 
sents  a  “transition”  stage  and  that  UVB  resistance  is  the  result 
of  further  genetic  alterations  that  occur  subsequent  to 
immortalization. 


MATERIALS  AND  METHODS 

Cells— Primary  human  keratinocytes  were  derived  from  neonatal 
foreskins  and  grown  in  KSF  medium  supplemented  with  human  recom¬ 
binant  epidermal  growth  factor  and  bovine  pituitary  extract  (Invitro- 
gen).  The  primary  cells  were  infected  with  an  amphotropic  LXSN  ret¬ 
rovirus  expressing  the  HPV-16  open  reading  frames  of  the  E6  and  E7 
genes.  The  retrovirus  was  generated  as  described  (20)  with  the  use  of 
existing  recombinant  vectors  (21).  Retrovirus -infected  cells  were  se¬ 
lected  in  G418  (100  pg/ml)  for  10  days,  and  G418-resistant  colonies 
were  pooled  from  each  transduction  and  passaged  every  3-4  days. 

Keratinocytes  (from  different  passages  after  infection  with  HPV-16 
E6/7)  were  grown  under  identical  conditions  to  70-807  confluency, 
trypsinized  before  UVB  exposure,  and  passaged  at  equal  cell  densities. 
Cells  were  allowed  to  recover,  and  after  replacement  of  the  KSF  me¬ 
dium  with  phosphate-buffered  saline,  cells  were  irradiated  with  ultra¬ 
violet  light  using  a  UVB  source  with  a  peak  wavelength  of  312  nm 
(FS40  sunlamp  (Philips)  with  a  Kodacel  filter  (Eastman  Kodak  Co.))  at 
various  doses.  At  different  time  points  after  UVB  irradiation  or  16  h 
after  exposure  to  different  doses  of  UVB  cells  were  derived  for  further 
analyses. 

Fluorometric  Assay  of  Caspase-3  Activity — Cells  were  resuspended  in 
lysis  buffer  containing  50  mM  Tris  HC1  (pH  7.5),  150  mM  NaCl,  1  mM 
EGTA,  0.257  sodium  deoxycholate,  0.57  Nonidet  P-40  (Nonidet  P-40), 
10  pg/ml  aprotinin,  20  pg/ml  leupeptin,  10  pg/ml  pepstatin,  and  1  mM 
phenylmethylsulfonyl  fluoride,  incubated  for  10  min  on  ice,  and  freeze- 
thawed  3  times.  The  cell  lysate  was  centrifuged  at  14,000  X  g  for  5  min, 
and  the  protein  concentration  of  cytosolic  extract  was  determined  with 
the  Bio-Rad  DC  protein  assay  kit.  For  the  fluorometric  caspase-3  activ¬ 
ity  assay,  25  pg  of  cytosolic  extract  was  initially  resuspended  up  to  a 
volume  of  50  pi  with  Nonidet  P-40  lysis  buffer,  to  which  50  pi  of  caspase 
assay  buffer  (10  mM  HEPES  (pH  7.4),  2  mM  EDTA,  0.17  CHAPS,  5  mM 
dithiothreitol)  was  added.  The  aliquots  were  then  mixed  with  an  equal 
amount  (100  pi)  of  40  pM  fluorescent  tetrapeptide  substrate  specific  for 
caspase-3  (Ac-DEVD-AMC;  Bachem)  in  caspase  assay  buffer  and  trans¬ 
ferred  to  96-well  plates.  Free  aminomethylcoumarin  (AMC),  generated 
as  a  result  of  cleavage  of  the  aspartate-AMC  bond,  was  monitored 
continuously  for  30  min  with  a  Cytofluor  4000  fluorometer  (PerSeptive 
Biosystems,  Framingham,  MA)  at  excitation  and  emission  wavelengths 
of  360  and  460  nm,  respectively.  The  emission  from  each  well  was 
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Fig.  3.  Immortalization  of  HFK  with  HPV-16  E6/E7  results  in  a 
UVB  dose-dependent  increase  in  internucleosomal  DNA  frag¬ 
mentation.  LXSN-HFK,  p7  E6/7-HFK,  and  p27  E6/7-HFK  were  pre¬ 
pared  as  described  under  “Materials  and  Methods.”  Cells  were  irradi¬ 
ated  with  the  indicated  doses  of  UVB  in  the  absence  or  presence  ( last 
lanes)  of  50  /am  DEVD-CHO,  and  16  h  later,  DNA  was  extracted  and 
assayed  for  internucleosomal  DNA  fragmentation  by  agarose  gel 
electrophoresis . 


UVDose(J/m2) 

Fig.  2.  Immortalization  of  HFK  with  HPV-16  E6/E7  results  in  a 
UVB  dose-dependent  increase  in  annexin  V-positive  cells  and 
decreased  survival.  LXSN-HFK,  p7  E6/7-HFK,  and  p27  E6/7-HFK 
were  prepared  as  described  under  “Materials  and  Methods.”  Cells  were 
irradiated  with  the  indicated  doses  of  UVB,  and  16  h  later,  cells  were 
prepared,  and  extracts  were  subjected  to  immunoblot  analysis  using 
antibodies  for  p53  or  E7  (A)  or  assayed  for  annexin  V  binding  plus  PI 
staining  at  the  indicated  doses  by  FACS  analysis  ( B  and  C).  The  per¬ 
centage  of  cells  exhibiting  annexin  V  binding  CB)  or  that  were  negative 
for  annexin  V  binding  PI  staining  (C)  as  determined  by  FACS  analysis 
are  shown.  All  the  data  in  B  and  C  are  presented  as  the  means  ±  S.D. 
of  three  replicates  of  a  representative  experiment;  essentially  the  same 
results  were  obtained  in  three  independent  experiments. 

plotted  against  time,  and  linear  regression  analysis  of  the  initial  veloc¬ 
ity  (slope)  for  each  curve  yielded  the  activity. 

Immunoblot  Analysis — SDS-PAGE  and  transfer  of  separated  pro¬ 
teins  to  nitrocellulose  membranes  were  performed  according  to  stand¬ 
ard  procedures.  Membranes  were  stained  with  Ponceau  S  (0.1%)  to 
verify  equal  loading  and  transfer  of  proteins.  They  were  then  incubated 
with  antibodies  to  the  pl7  subunit  of  caspase-3  (1:200;  Santa  Cruz 
Biotechnology),  PARP  (1:200;  Santa  Cruz  Biotechnology),  caspase-8 
(1:500;  BD  PharMingen),  caspase-9  (1:100;  Calbiochem),  Bcl-2  (1:250; 
Transduction  Labs),  p53  (1:500;  Calbiochem),  or  E7  (1:100;  Santa  Cruz 
Biotechnology).  Immune  complexes  were  detected  by  subsequent  incu¬ 
bation  with  appropriate  horseradish  peroxidase -conjugated  antibodies 
to  mouse  or  rabbit  IgG  (1:3000)  and  enhanced  chemiluminescence 
(Pierce). 

Cell  Cycle  Analysis — Nuclei  were  prepared  for  flow  cytometric  anal¬ 
ysis  as  described  (22).  Cells  were  exposed  to  trypsin,  resuspended  in  100 
fi\  of  a  solution  containing  250  mM  sucrose,  40  mM  sodium  citrate  (pH 
7.6),  and  5%  Me2S0,  and  subsequently  lysed  in  a  solution  containing  3.4 
mM  sodium  citrate,  0.1%  Nonidet  P-40,  1.5  mM  spermine  tetrahydro- 
chloride,  and  0.5  mM  Tris-HCl  (pH  7.6).  Lysates  were  incubated  for  10 
min  with  RNase  A  (0.1  mg/ml),  after  which  nuclei  were  stained  for  15 
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Fig.  4.  Immortalization  of  HFK  with  HPV-16  E6/E7  increases 
UVB-dependent  caspase-3  activity.  LXSN-HFK,  p7  E6/7-HFK,  and 
p27  E6/7-HFK  were  prepared  as  described  under  “Materials  and  Meth¬ 
ods.”  Cells  were  irradiated  with  the  indicated  doses  of  UVB  and  assayed 
for  caspase-3  activity  16  h  after  UVB  exposure  using  a  quantitative 
fluorometric  assay.  All  the  data  are  presented  as  the  means  ±  S.D.  of 
three  replicates  of  a  representative  experiment;  essentially  the  same 
results  were  obtained  in  three  independent  experiments. 

min  with  propidium  iodide  (0.42  mg/ml),  filtered  through  a  37-/xm  nylon 
mesh,  and  analyzed  with  a  dual-laser  flow  cytometer  (FACScan,  BD 
PharMingen). 

Analysis  of  DNA  Fragmentation — Cells  were  harvested  and  lysed  in 
0.5  ml  of  7  M  guanidine  hydrochloride.  The  lysate  was  mixed  with  1  ml 
of  Wizard  Miniprep  resin  (Promega,  Madison,  WI),  incubated  at  room 
temperature  for  15  min  with  occasional  mixing,  and  then  centrifuged  at 
10,000  X  g  for  5  min.  The  resulting  pellet  was  resuspended  in  2  ml  of 
washing  solution  (90  mM  NaCl,  9  mM  Tris-HCl  (pH  7.4),  2.25  mM  EDTA, 
55%  (v/v)  ethanol)  and  drawn  by  vacuum  through  a  Wizard  Minicolumn 
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Fig.  5.  Immortalization  of  HFK  with  HPV-16  E6/E7  increases 
UVB-dependent  caspase-3  processing  and  proteolytic  cleavage 
of  PARP.  LXSN-HFK,  p7  E6/7-HFK,  and  p27  E6/7-HFK  were  prepared 
as  described  under  “Materials  and  Methods.”  Cells  were  irradiated  with 
the  indicated  doses  of  UVB,  and  16  h  later,  whole  cell  extracts  were 
prepared  and  subjected  to  immunoblot  analysis  with  antibodies  specific 
for  the  active  form  (pl7)  of  caspase-3  (A)  or  PARP  (B). 


(Promega)  mounted  onto  a  vacuum  manifold.  The  column  was  washed 
twice  with  4  ml  of  washing  solution  and  dried  by  centrifugation  at 
10,000  X  g  for  2  min.  DNA  was  eluted  from  the  column  by  the  addition 
of  50  pi  of  deionized  H20,  incubation  at  room  temperature  for  15  min, 
and  then  centrifugation  at  10,000  x  g  for  5  min.  Residual  RNA  in  the 
eluate  was  removed  by  incubation  with  10  pg  of  RNase  A  (5  Prime  ->  3 
Prime,  Inc.,  Boulder,  CO)  at  37  °C  for  30  min.  DNA  samples  were  loaded 
onto  a  1.5 9e  agarose  gel  in  Tris  borate-EDTA  buffer  and  subjected  to 
electrophoresis  at  4  V/cm.  DNA  ladders  were  visualized  by  staining 
with  ethidium  bromide  (0.5  pg/ml),  and  images  were  captured  with  the 
Kodak  EDAS  120  gel  documentation  system. 

Annexin  V and  Propidium  Iodide  (PI)  Staining  and  FACS  Analysis— 
Cells  were  plated  in  culture  plates  and  exposed  to  various  doses  of  UVB. 
24  h  after  induction  of  apoptosis,  the  cells  were  trypsinized,  washed 
with  ice-cold  phosphate-buffered  saline,  and  subsequently  incubated 
in  the  dark  with  100  pi  of  annexin  V  incubation  reagent,  which  in¬ 
cludes  fluorescein  isothiocyanate-conjugated  annexin  V  (Trevigen, 
Gaithersburg,  MD)  and  PI  for  15  min  at  room  temperature.  Flow 
cytometric  analyses  were  conducted  on  a  BD  PharMingen  FACStar 
Plus  cytometer  using  a  100-mW  air-cooled  argon  laser  at  488  nm. 

RESULTS 

UVB  Induces  Caspase-3-mediated  Apoptosis  in  HFK — We 
have  previously  shown  that  the  DNA  alkylating  agent  sulfur 
mustard  induces  markers  of  terminal  differentiation  and  apo¬ 
ptosis  in  normal  human  epidermal  keratinocytes,  including  the 
early  activation  and  late  cleavage  of  PARP  (23).  To  determine 
whether  UVB  induces  the  apoptotic  response  in  HFK,  cells 
were  exposed  to  UVB,  and  markers  of  apoptosis  were  exam¬ 
ined.  Nuclear  fragmentation  (Fig.  1A)  as  well  as  the  proteolytic 
processing  of  caspase-3  to  its  active  form  ( p!7 ;  Fig.  IB)  occurs 
16  h  after  exposure  to  480  J/m2  UVB.  PARP  is  also  catalytically 
cleaved  by  caspases-3  from  a  116-kDa  full-length  into  an  89- 
kDa  fragment  that  contains  the  C-terminal  catalytic  and  auto¬ 
modification  domains,  a  hallmark  of  apoptosis  (Fig.  IB). 

To  determine  the  effects  of  HPV-16  E6  and  E7  as  well  as 
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Fig.  6.  The  caspase-3  inhibitor  DEVD-CHO  partially  blocks 
UVB-induced  apoptosis.  LXSN-HFK,  p7  E6/7-HFK,  and  p27  E6/7- 
HFK  were  prepared  as  described  under  “Materials  and  Methods.”  Cells 
were  irradiated  with  the  60  J/m2  UVB  in  the  presence  or  absence  of  the 
caspase-3  inhibitor  DEVD-CHO,  and  16  h  later,  cells  were  prepared  and 
assayed  for  annexin  V  binding  plus  PI  staining  by  FACS  analysis  (A  and 
B),  or  extracts  were  derived  and  subjected  to  immunoblot  analysis  using 
antibodies  for  PARP  (C).  The  percentage  of  cells  exhibiting  annexin  V 
binding  (A)  or  that  were  negative  for  annexin  V  binding  PI  staining  ( B ) 
as  determined  by  FACS  analysis  are  shown.  All  the  data  in  A  and  B  are 
presented  as  the  means  ±  S.D.  of  three  replicates  of  a  representative 
experiment;  essentially  the  same  results  were  obtained  in  three  inde¬ 
pendent  experiments. 


immortalization  on  the  response  of  HFK  to  UVB,  we  trans¬ 
duced  HFK  with  a  LXSN  retroviral  vector  expressing  the  E6 
and  E7  genes  of  HPV-16  or  with  empty  retroviral  vector  alone. 
Although  E6  levels  are  technically  difficult  to  detect,  we  exam¬ 
ined  the  levels  of  p53  by  Western  blot  analysis,  since  E6  in¬ 
duces  the  degradation  of  p53.  Fig.  2A,  top ,  shows  that  p53  is 
detectable  in  LXSN-HFK  but  not  in  p7  or  p27  E6/7-HFK.  In 
addition,  comparison  with  HFK  shows  no  effect  of  transfection 
with  vector  alone.  The  expression  of  E7  was  directly  detected  by 
Western  analysis  in  both  p7  and  p27  E6/7  HFK  but  not  in 
control  LXSN-HFK  (Fig.  2A,  bottom). 

Phosphatidylserine  is  exposed  on  the  surface  of  apoptotic 
cells  (24),  and  the  presence  of  these  residues  can  be  detected  by 
their  ability  to  bind  to  annexin  V  (25).  To  further  examine  the 
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Fig.  7.  Immortalization  of  HFK  with  HPV-16  E6/E7  induces 
UVB-dependent  caspase-9  processing  and  increases  caspase-8 
processing  at  lower  UVB  doses.  LXSN-HFK,  p7  E6/7-HFK,  and  p27 
E6/7-HFK  were  prepared  as  described  under  “Materials  and  Methods.” 
Cells  were  irradiated  with  the  indicated  doses  of  UVB,  and  16  h  later, 
whole  ceil  extracts  were  prepared  and  subjected  to  immunoblot  analysis 
using  antibodies  specific  for  caspase-9  (A)  or  caspase-8  ( B ).  The  top 
panel  in  A  was  exposed  for  a  longer  period  of  time  to  visualize  the 
reduced  levels  of  caspase-9  in  the  treated  samples. 


sensitivity  to  UVB-induced  apoptosis  in  control  and  HFK  E6/7 
transfectants,  we  analyzed  the  cells  for  annexin  V  binding  by 
FACS  analysis  16  h  after  irradiation.  Fig.  2 B  shows  that  p27 
E6/7-HFK  are  much  more  sensitive  to  UVB-induced  apoptosis 
at  all  doses  tested  than  either  p7  E6/7-  or  LXSN-HFK.  A  plot  of 
the  survival  rates  (PI  negative,  annexin  V-negative)  also  con¬ 
firms  that  p27  cells  are  more  sensitive  to  UVB-mediated  killing 
at  all  doses  (Fig.  2C),  thus  indicating  that  the  additional  step(s) 
in  immortalization  plays  a  role  in  the  sensitization  to  UVB. 

Apoptosis  is  also  characterized  by  the  internucleosomal 
cleavage  of  DNA.  We  irradiated  the  three  HFK  cell  types  with 
the  indicated  doses  of  UVB,  after  which  DNA  was  extracted 
and  resolved  by  agarose  gel  electrophoresis.  Fig.  3  shows  that 
although  nonspecific  smearing  is  observed  only  at  higher  doses 
in  p7-  and  LXSN-HFK  (superimposed  on  two  diffuse  white 
bands  that  are  the  negative  images  of  bromphenol  blue  and 
xylene  cyanol  dyes),  a  dose-dependent  increase  in  internucleo¬ 
somal  DNA  fragmentation  is  only  observed  in  p27-HFK,  with 
DNA  ladders  observed  at  the  lowest  dose  of  UVB  used  (60 
J/m2). 

To  determine  the  mode  of  apoptotic  cell  death,  we  analyzed 
the  amount  of  caspase-3  activity  using  a  quantitative  fluoro- 
metric  DEVDase  assay.  The  three  cell  types  were  irradiated 
with  increasing  doses  of  UVB,  after  which  the  cytosolic  extracts 
were  assayed  for  caspase-3  activity.  Fig.  4  shows  that  caspase-3 
is  activated  in  all  three  cell  types,  but  caspase-3  is  activated  at 
lower  UVB  doses  in  p27  E6/7-HFK  than  in  either  p7  E6/7-  or 
LXSN-HFK. 

Caspase-3,  responsible  for  the  cleavage  of  PARP  during 
apoptosis,  is  composed  of  two  subunits  of  17  and  12  kDa  that 
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Fig.  8.  Immortalization  of  HFK  with  HPV16  E6/E7  induces 
rapid  UVB-dependent  caspase-9  processing.  LXSN-HFK,  p7  E6/7- 
HFK,  and  p27  E6/7-HFK  were  prepared  as  described  under  “Materials 
and  Methods.”  Cells  were  irradiated  with  480  J/m2  UVB,  and  after  the 
indicated  times  whole  cell  extracts  were  prepared  and  subjected  to 
immunoblot  analysis  using  antibodies  specific  for  caspase-9  (A)  or 
caspase-8  ( B ). 

are  derived  from  a  common  proenzyme  (26).  To  further  analyze 
the  proteolytic  processing  of  caspase-3  and  its  substrate  PARP, 
we  performed  immunoblot  analysis  of  extracts  from  cells 
treated  with  different  doses  of  UVB  using  an  antibody  specific 
for  the  pl7  subunit  of  caspase-3  or  to  PARP.  Fig.  5  shows  that 
caspase-3  is  proteolytically  processed  to  its  active  form  (pl7), 
and  PARP  is  specifically  cleaved  at  lower  UVB  doses  in  p27 
E6/7-HFK  than  either  LXSN-  or  p7  E6/7-HFK 

To  examine  whether  caspase-3  was  in  fact  responsible  for 
UVB-induced  apoptosis,  we  preincubated  the  three  cell  types 
with  an  inhibitor  of  caspase-3  (DEVD-CHO)  for  30  min  before 
and  during  UVB  exposure.  The  caspase-3  inhibitor  decreased 
the  proteolytic  processing  of  PARP  (Fig.  6C),  reduced  the  num¬ 
ber  of  cells  undergoing  apoptosis  after  480  J/m2  UVB  exposure, 
as  determined  by  annexin  V  plus  PI  staining  (Fig.  6A),  and 
reduced  internucleosomal  fragmentation  in  all  three  cell  types 
(Fig.  3).  In  addition,  survival  was  increased  (Fig.  6B).  Thus 
UVB  induces  an  apoptotic  mode  of  death  that  is  partially  de¬ 
pendent  upon  caspase-3. 

Immortalization  of  HFK  Switches  the  Mode  of  Apoptosis  from 
a  Caspase-8-  to  a  Caspase-9 -dependent  Pathway — Various  re¬ 
ports  indicate  that  UVB  activates  either  a  death  receptor  or 
mitochondrial  pathway  of  apoptosis.  The  former  pathway  re¬ 
sults  in  the  rapid  activation  of  caspase-8,  whereas  the  latter 
pathway  activates  caspase-9.  We  performed  immunoblot  anal¬ 
ysis  of  extracts  derived  from  the  three  cell  types  treated  with 
different  doses  of  UVB  or  with  a  single  dose  of  UVB  to  deter- 
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Fig.  9.  Immortalization  of  other  preparations  of  HFK  with 
HPV-16  E6/E7  induces  rapid  UVB-dependent  caspase-9  process¬ 
ing.  LXSN-HFK,  p7  E6/7-HFK,  and  p27  E6/7-HFK  were  prepared  from 
two  additional  batches  of  neonatal  foreskins  as  described  under  “Mate¬ 
rials  and  Methods  ”  Cells  were  irradiated  with  480  J/m2  UVB,  and  after 
the  indicated  times,  whole  cell  extracts  were  prepared  and  subjected  to 
immunoblot  analysis  using  antibodies  specific  for  caspase-9  (A)  or 
caspase-8  ( B ).  Representative  results  from  one  group  of  cells  are  shown; 
essentially  the  same  results  were  obtained  with  both  groups  of  cells. 


mine  a  time  course.  Fig.  IB  shows  that  caspase-8  is  activated  in 
all  three  cell  types,  although  at  a  lower  dose  in  p27  E6/7-HFK. 
In  contrast,  caspase-9  (Fig.  7A)  is  only  proteolytically  activated 
in  p27  E6/7-HFK,  as  revealed  by  the  loss  of  the  inactive 
caspase-9  precursor.  To  determine  which  caspase  is  activated 
first,  a  time  course  was  performed.  Fig.  8  shows  that  although 
caspase-9  is  activated  almost  immediately  after  UVB  irradia¬ 
tion  in  p27  E6/7-HFK,  caspase-8  is  not  activated  until  16  h 
after  exposure.  Consistent  with  the  results  of  the  dose-response 
experiments,  caspase-9  is  not  proteolytically  processed  at  any 
time  after  UVB  exposure  in  p7  E6/E7-  or  LXSN-HFK. 

To  confirm  that  these  results  are  representative  of  responses 
of  E6/E7-immortalized  keratinocytes,  we  derived  two  addi¬ 
tional  batches  of  pooled  cell  clones  from  two  different  E6/E7 
retroviral  infections  of  different  mixed  foreskins.  Comparison 
of  LXSN,  p7  E6/E7-HFK,  and  p27  E6/E7-HFK  from  matched 
sets  confirmed  our  earlier  findings  that  p27  cells  are  more 
sensitive  to  apoptosis  than  either  LXSN  or  p7  E6/E7-HFK  as  a 
result  of  the  preferential  activation  of  caspase-9  in  the  later 
passage  cells  (Fig.  9). 

To  determine  the  possible  reason  for  the  switch  in  the  apo- 
ptotic  pathway  in  p27  E6/7-HFK,  we  examined  the  cell  cycle 
before  and  after  UVB  irradiation  in  the  three  cell  types.  Fig. 
10A  shows  that  LXSN-HFK  displays  a  strong  G}  arrest  after  all 
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Fig.  10.  Immortalization  of  HFK  with  HPV-16  E6/E7  induces 
UVB-dependent  G.JM  arrest.  LXSN-HFK,  p7  E6/7-HFK,  and  p27 
E6/7-HFK  were  prepared  as  described  under  “Materials  and  Methods.” 
Cells  were  irradiated  with  the  indicated  doses  of  UVB,  and  16  h  later, 
nuclei  were  prepared  as  described  under  “Materials  and  Methods”  and 
subjected  to  cell  cycle  analysis  using  FACS.  All  data  are  presented  as 
the  means  ±  S.D.  of  three  replicates  of  a  representative  experiment; 
essentially  the  same  results  were  obtained  in  three  independent 
experiments. 


doses  of  UVB  irradiation.  As  might  be  predicted  from  the  re¬ 
duced  levels  of  p53,  neither  p7  nor  p27  E6/7-HFK  exhibit  an 
appreciable  Gj  arrest  at  any  dose  of  UVB.  However,  only  p27 
E6/7-HFK  showed  a  marked  increase  in  the  population  of  cells 
in  G2/M  after  UVB  treatment  (Fig.  10C).  Thus,  although  the 
elimination  of  the  G}  arrest  is  associated  with  expression  of 
E6/7,  the  UVB-induced  G2  arrest  appears  to  be  attributable  to 
the  immortalization  process. 

Immortalization  Results  in  a  Bel  2-dependent  Pathway  for 
UVB-induced  Apoptosis— Although  a  causal  link  has  not  been 
unequivocally  demonstrated,  a  strong  correlation  has  been  ob¬ 
served  between  G2  arrest  and  apoptosis.  This  link  is  also  asso¬ 
ciated  with  the  phosphorylation  and  degradation  of  Bcl-2,  as¬ 
sociated  with  a  mitochondrial  pathway  of  apoptosis  (27).  To 
determine  whether  this  was  a  possible  mechanism  that  re- 
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Fig.  11.  Immortalization  of  HFK  with  HPV-16  E6/E7  induces 
UVB-dependent  Bcl-2  down-regulation.  LXSN-HFK,  p7  E6/7-HFK, 
and  p27  E6/7-HFK  were  prepared  as  described  under  “Materials  and 
Methods.”  Cells  were  irradiated  with  the  indicated  doses  of  UVB,  and 
16  h  later,  whole  cell  extracts  were  prepared  and  subjected  to  immu- 
noblot  analysis  using  antibodies  specific  for  Bcl-2. 

suited  in  the  switch  to  a  caspase-9-mediated  pathway  for 
apoptosis  in  immortalized  HFK,  we  performed  an  immunoblot 
analysis  of  UVB-irradiated  cells  using  a  Bcl-2-specific  anti¬ 
body.  Fig.  11  shows  that  the  lowest  dose  of  UVB  results  in  the 
disappearance  of  immunodetectable  Bcl-2  in  p27  E6/7-HFK.  In 
contrast,  Bcl-2  levels  persist  at  higher  doses  of  UVB  in  p7  E6/7- 
and  LXSN-HFK.  In  fact,  Bcl-2  persists  in  the  latter  cell  types 
until  it  is  specifically  cleaved  into  a  23-kDa  fragment,  most 
likely  by  caspase-3  or  -7  (28),  at  higher  UVB  doses. 

DISCUSSION 

Both  HPV  and  UV  have  been  shown  to  be  etiologic  agents  for 
skin  cancer.  Immortalization  is  thought  to  be  an  early  step  in 
this  process  that  involves  the  selection  of  a  population  of  cells 
that  progresses  to  the  next  stage  of  cancer.  Based  on  these 
earlier  observations,  we  separately  tested  the  effects  of  E6/7 
expression  and  immortalization  on  UVB  apoptosis  using  early 
(p7)  and  immortalized  late  (p27)  passage  E6/7-transduced 
HFK.  We  found  that  UVB  induces  a  caspase-3 -mediated  apo- 
ptotic  death  in  all  three  cell  types,  but  that  p27  E6/7-HFK  cells 
were  more  sensitive  than  either  p7  E6/7-HFK  cells  or  cells 
transduced  with  empty  vector  alone  (LXSN-HFK). 

Caspase-3  is  activated  in  all  three  cell-types,  but  caspase-3  is 
activated  at  lower  UVB  doses  in  p27  E6/7-HFK  than  in  either 
p7  E6/7-  or  LXSN-HFK,  although  a  drop  in  caspase-3  activity  is 
seen  in  p27  E6/7-HFK  at  higher  doses.  The  mechanism  for  this 
phenomenon  remains  to  be  elucidated.  An  important  point  is 
that  although  the  activity  at  16  h  is  decreased,  caspase-3  is 
processed  into  its  active  form  at  the  higher  doses  (Fig.  5). 
Clearly,  however,  the  sum  total  of  caspase-3  activity  expressed 
within  the  first  16  h  after  higher  doses  of  UV  treatment  of  late 
passage  E6/7  is  sufficient  to  completely  proteolyze  PARP  (Fig. 
5)  and  activate  internucleosomal  cleavage  (Fig.  3).  Likewise,  all 
other  apoptotic  markers  are  higher  in  the  late  passage  cells. 

One  potential  explanation  for  our  findings  is  that  E6  and  E7 
are  expressed  at  low  levels  in  p7  E6/7-HFK.  However,  four  lines 
of  evidence  argue  against  this  possibility.  First,  HFK  were 
infected  at  a  high  multiplicity  of  infection  with  the  E6/7  retro¬ 
viral  construct  and  subsequently  selected  for  10  days  in  G418 
(see  “Materials  and  Methods”).  Second,  p53  levels  were  reduced 
in  p7  E6/7-HFK  as  well  as  p27  E6/7-HFK,  indicating  that  E6 
was  present  and  functional  in  both  cell  types  (Fig.  2A).  Third, 
E7  levels  were  similar  in  both  p7  E6/7-HFK  and  p27  E6/7-HFK 
(Fig.  2 B).  Fourth,  FACS  analysis  revealed  that  the  G±  arrest 
induced  by  UV  was  not  observed  in  either  p7  E6/7-  or  p27 
E6/7-HFK  (Fig.  10).  Thus,  it  appears  that  events  subsequent  to 
expression  of  E6  and  E7  are  critical  to  the  increased  sensitivity 
to  UVB.  The  idea  that  immortalization  requires  genetic  events 
in  addition  to  the  expression  of  E6  and  E7  is  not  a  new  one. 


Loss  of  a  region  of  chromosome  6  has  been  associated  with 
increased  telomerase  expression  in  HPV-immortalized  cells; 
replacement  of  this  chromosomal  region  suppressed  hTERT 
activity  (17).  Non-random  allelic  losses  have  also  been  observed 
at  3p,  lip,  and  13q  during HPV-mediated  immortalization  (18), 
and  a  senescence  locus  within  the  chromosomal  region  10pl4- 
pl5  is  lost  in  HFK-expressing  HPV-16  E6/7  genes  (19). 

To  avoid  many  of  the  cell  culture  artifacts  that  arise  from  the 
use  of  well  established  lines  such  as  HaCat,  we  utilized  pooled 
clones  of  E6/7-HFK  soon  after  immortalization  (p27).  In  addi¬ 
tion,  batches  of  p27  E6/7-HFK-pooled  cell  clones  from  different 
E6/E7  retroviral  infections  were  more  sensitive  to  UVB-in- 
duced  apoptosis  than  either  LXSN-  or  p7  E6/7-HFK  as  a  result 
of  the  preferential  activation  of  caspase-9  in  the  later  passage 
cells  (Fig.  9). 

p27  E6/7-HFK  differed  from  both  LXSN-  and  p7  E6/7-HFK 
with  respect  to  G2/M  accumulation,  Bcl-2  down-regulation,  and 
caspase-9  activation.  These  events  are  likely  to  be  associated 
with  a  mitochondrial  pathway  of  apoptosis,  whereas  the  acti¬ 
vation  of  caspase-8  is  generally,  but  not  exclusively  associated 
with  a  death  receptor-mediated  pathway.  In  fact,  evidence  has 
been  presented  for  both  pathways  for  UVB-induced  apoptosis 
in  both  human  and  mouse  keratinocytes.  The  Fas/CD95  death 
receptor  has  been  shown  to  be  up-regulated  in  keratinocytes  in 
response  to  UV  (29),  and  Aragane  et  al.  (30)  present  evidence 
that  this  receptor  is  activated  on  the  surface  of  keratinocytes 
via  ligand-independent  direct  cross-linking  of  Fas  by  UV. 
Knockout  studies  indicate  that  the  tumor  necrosis  factor  recep¬ 
tor  p55  plays  a  pivotal  role  in  murine  keratinocyte  apoptosis 
induced  by  UVB  irradiation  (31).  Other  investigators  show  that 
UV  stimulates  the  up-regulation  or  secretion  of  death  receptor 
ligands,  such  as  tumor  necrosis  factor  a  (32),  although  tumor 
necrosis  factor  a  is  only  partially  involved  in  UVB-induced 
apoptosis  of  normal  human  keratinocytes  (33).  Bcl-xL,  associ¬ 
ated  with  a  mitochondrial  apoptotic  pathway,  also  confers  re¬ 
sistance  to  UV  in  transgenic  mouse  skin  (34).  In  addition, 
blocking  Bcl-xL  expression  with  an  antisense  inhibitor  sensi¬ 
tizes  normal  human  keratinocytes  to  UVB  (35).  Moreover,  ni¬ 
tric  oxide  protects  against  UVA-induced  apoptosis,  which  was 
correlated  with  Bcl-2  up-regulation  (36). 

The  response  to  UVB  is  therefore  determined  by  a  number  of 
pro-  and  anti-apoptotic  factors  that  are  present  within  kerati¬ 
nocytes  both  before  and  after  irradiation.  The  changes  that 
occur  with  immortalization  that  result  in  the  increased  sensi¬ 
tization  and  alteration  of  apoptotic  pathways  are  not  under¬ 
stood.  However,  as  an  instructive  first  step,  we  have  examined 
the  changes  in  gene  expression  after  UVB  exposure  of  LXSN- 
HFK,  p7  E6/7-HFK,  or  p27  E6/7-HFK  utilizing  microarray 
analysis.  Similar  to  the  apoptotic  response  reported  in  the 
current  study,  we  have  shown  that  UVB-induced  mRNA  profile 
changes  in  LXSN-HFK  and  p7  E6/7-HFK  are  somewhat  simi¬ 
lar,  whereas  both  differ  from  the  UVB-induced  mRNA  profile 
alterations  in  p27  E6/7-HFK.2 

The  results  of  this  study  indicate  that  the  immortalization 
process,  rather  than  the  expression  of  E6  and  E7  alone,  is 
critical  to  the  increased  apoptotic  response,  which  involves  a 
switch  from  a  caspase-8-  to  a  caspase-9-mediated  pathway.  The 
death-resistant  phenotype  that  further  contributes  to  clonal 
selection  during  the  promotion  stage  of  carcinogenesis  may 
therefore  be  the  result  of  further  genetic  alterations  that  occur 
subsequent  to  immortalization. 
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